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Preface 


A great deal of interest has been shown in the accelerator-driven system (ADS), to 
produce energy and transmute radioactive wastes in a clean and safe way, from the 
viewpoint of a promising and innovative technology. ADS is considered an interest- 
ingly hybrid system comprising of a reactor and an accelerator, and many experts of 
reactor physics and nuclear data have dedicated their important time and a huge effort 
to the implementation of a new system of nuclear transmutation by ADS, through 
numerical analyses by stochastic and deterministic approaches. 

The few introductory books on ADS present a rather narrow view of numerical 
simulations by concentrating only on the behaviors of the neutrons under the exis- 
tence of an external neutron source such as the accelerator. Meanwhile, neutron 
characteristics of ADS cannot be separated from other neutronics and experimental 
aspects, including accelerator, radiation detection, and nuclear data, since the validity 
and verification of numerical simulations, and the accuracy of experimental results 
are confirmed by integrating with the relevant fields. 

The authors have attempted to write the results and discussions of experimental 
analyses accommodated to the needs of the scientists and researchers in our ADS 
community. In particular, the authors have tried to introduce the researchers to 
measurement methodologies and numerical simulations of reactor physics param- 
eters in a subcritical reactor, including neutron spectrum, subcritical multiplication 
factor, subcriticality, prompt neutron decay constant, and effective delayed neutron 
decay constant. Nearly all of the illustrations have been specifically devised for this 
book to facilitate insight into various aspects of statics and kinetics in a subcritical 
core. Profound works have been written on the subjects of subcriticality by Kengo 
Hashimoto and of effective delayed neutron fractions by Masao Yamanaka. 

The authors have engaged in feasibility studies of ADS since 2003 with the 
combined use of the Kyoto University Critical Assembly (KUCA) core and two 
accelerators (pulsed-neutron generator: 14 MeV neutrons and fixed-field alternating 
gradient accelerator: 100 MeV proton accelerator). ADS feasibility has been mainly 
examined by statics and kinetics experiments carried out at KUCA and numerical 
simulations by the Monte Carlo calculations with major nuclear data libraries. This 
work is based on a lot of invaluable reactor operations and important experiences in 
the KUCA core by the authors, research staff, and students over 15 years. 
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The main objective of this book is to lead to a considerable emphasis on actual data 
ofthe ADS experiments, showing mainly outstanding features of the КОСА facilities, 
including two external neutron sources (14 MeV neutrons and 100 MeV protons) and 
a variety of nuclear fuel materials (highly enriched uranium, thorium, and natural 
uranium) and reflector materials (polyethylene, graphite, beryllium, aluminum, iron, 
lead and bismuth), which play an important role in determining neutron spectrum of 
the KUCA core. 

The book has been organized into three parts with eight chapters and Appendix. 
The authors present, firstly, kinetics parameters: subcriticality and delayed neutron 
decay constant covering studies of measurement methodologies and correction 
factors, in Chaps. 2-4. Secondly, the authors include static parameters: reaction 
rates, nuclear transmutation of minor actinide (Np-237 and Am-241), neutronics of 
Pb-Bi (Pb and Bi isotopes) that is a coolant material of actual ADS experimental 
facilities, and sensitivity and uncertainty of criticality in the KUCA core, dedicating 
studies of neutron spectrum, nuclear transmutation, sensitivity, and uncertainty, in 
Chaps. 5-8, respectively. Thirdly, the authors provide all experimental data of 
ADS carried out in the KUCA core so that many researchers should easily access, 
compiling in Appendix. 

The authors would like to acknowledge the assistance of a group of truly excep- 
tional former students of Kyoto University, including Yoshiyuki Hirano, Hervault 
Morgan, Hiroshi Shiga, Takahiro Yagi, Hesham Shahbunder, Hak Sung Kim, 
Yuki Takemoto, Tetsushi Azuma, Hiroyuki Nakano, Kiichi Sukawa, Yoshimasa 
Yamaguchi, Atsushi Fujimoto, and Makoto Ito, and former other research staff, 
including Dr. Jae Yong Lim, Dr. Kyeong Won Jang, Dr. Thanh Mai Vu, and Dr. 
Song Hyun Kim, carrying out successfully all the ADS experiments at KUCA and 
demonstrating interestingly the experimental and numerical results. 

It is particularly important to acknowledge the invaluable comments and fruitful 
discussions with respect to a series ofthe ADS experiments at KUCA, of the members 
of the ADS Coordinated (Collaborative) Research Projects (CRP) organized by the 
International Atomic Energy Agency (IAEA) in 2004 through 2019, including Dr. 
Alberto Talamo (Argonne National Laboratory: ANL, US), Dr. Mario Carta (Energia 
Nucleare ed Energie Alternative: ENEA, Italy), Prof. Piero Ravetto (Politecnico di 
Torino, Italy), Dr. Fabrizio Gabrielli (Karlsruhe Institute of Technology, Germany), 
Prof. Chang Hyo Kim (Seoul National University: SNU, Korea), Prof. Mate Szieberth 
(Budapest University of Technology and Economics, Hungary), Prof. Hyung Jin 
Shim (SNU, Korea), Dr. Alexander Stanculescu (Idaho National Laboratory, US), 
and Dr. Yousry Gohar (ANL, US). 

The authors also wish to express our gratitude to Ms. Maki Nakatani and Ms. 
Mari Yamahana of KURNS for their efforts in helping prepare the various drafts and 
manuscripts. 
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Chapter 1 A) 
Introduction E 


Cheol Ho Pyeon 


Abstract At the Kyoto University Critical Assembly (KUCA), the accelerator- 
driven system (ADS) is composed of a solid-moderated and solid-reflected core 
(A-core) and a pulsed-neutron generator (14 MeV neutrons) or the fixed-filed alter- 
nating gradient (FFAG) accelerator (100 MeV protons). At KUCA, two external 
neutron sources, including 14 MeV neutrons and 100 MeV protons, are separately 
injected into the A-core, and employed for carrying out the ADS experiments. 
With the combined use of the A-core and two external neutron sources, basic and 
feasibility studies of ADS have been engaged in the examination of neutronics 
of ADS, through the measurements of statics and kinetics parameters of reactor 
physics, including subcritical multiplication factor, subcriticality, prompt neutron 
decay constant, effective delayed neutron fraction, neutron spectrum, and reaction 
rates. 


Keywords КОСА · ADS · Pulsed-neutron generator - FFAG accelerator 


1.1 Kyoto University Critical Assembly 


1.1.1 KUCA Facility 


The Kyoto University Critical Assembly (KUCA [1]; Fig. 1.1) is a multi-core type 
critical assembly developed by Kyoto University, Japan, as a facility that can be 
used by researchers from all the universities in Japan to carry out studies in the field 
of reactor physics. KUCA was established in 1974, as one of the main facilities 
of the Research Reactor Institute, Kyoto University (KURRI; currently, Institute 
for Integrated Radiation and Nuclear Science: KURNS), located at Kumatori-cho, 
Sennan-gun, Osaka, Japan. 

KUCA is a multi-core-type critical assembly consisting of two solid-moderated 
cores (A- and B-cores) and one light-water-moderated core (C-core). Then, a single 
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Fig. 1.1 Horizontal cross section of the KUCA building (Ref. [1]) 


core only can attain the critical state at a given time because the assembly is equipped 
with a single control mechanism that prevents the simultaneous operation of multiple 
cores. Users can select the core that is the most appropriate for their experiments. 
Also, a pulsed-neutron source is also installed, which can be used in combination 
with the A-core. 

Owing to the compatibility of KUCA, a wide variety of research and education has 
been performed at the facility. Furthermore, KUCA has been used for the following 
research and education activities: 


New reactor concepts 

Thorium-fueled reactors 

Fusion-fission hybrid systems 

Subcritical systems 

Accelerator-driven system (ADS) 

Neutron characteristics of minor actinide 
Experimental education course for students (Ref. [1]). 


Experimental and numerical studies on the validation and verification of nuclear 
data and nuclear calculation codes and on the development of new detector systems 
are also conducted. 
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Fig. 1.2. Solid-moderated and -reflected core (A-core) (Ref. [1]) 


1.1.2  Solid-Moderated and Solid-Reflected Cores 


Two solid-moderated cores (A-core; Fig. 1.2 and B-core) are installed at KUCA. 
Squared-shaped coupon-type uranium fuel plates (93 wt% enriched) of 2” length, 2” 
breadth, and 1/16" thick covered with a thin plastic coating are used as the fuel mate- 
rial. Solid moderator materials, including polyethylene and graphite, are combined 
with highly-enriched uranium (HEU), thorium, and natural uranium plates to form the 
fuel elements. Polyethylene, graphite, beryllium, aluminum, iron, lead, and bismuth 
are used as the reflector elements. 

A wide variety of neutron spectra could be achieved by varying the composition 
of the fuel and moderator plates in the fuel element, and also by varying the reflector 
elements. 

The A-core can be used in combination with the pulsed-neutron generator, and 
also, it is used for carrying out studies on ADS and fission-fusion hybrid reactor 
systems. 


1.1.3 Light-Water-Moderated and Light-Water-Reflected 
Core 


A single light-water-moderated core (C-core; Fig. 1.3) is installed at KUCA. Plate- 
type uranium fuel (93 wt% enriched) of 600 mm length, 62 mm width, and 1.5 mm 
thick with an aluminum (Al) cladding of 0.5 mm thick аге used in the C-core. In 
addition, there are two types of curved fuel plates: one 93 wt%, and the other 45 wt% 
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Fig. 1.3 Light-water-moderated and -reflected core (C-core) (Ref. [1]) 


enriched of 650 mm length and 1.4 mm thick with an Al cladding of 0.45 mm thick; 
32 plates with different curvatures and widths are used. 

The fuel element is formed by assembling the fuel plates in aluminum fuel frames. 
The fuel elements are loaded in a core tank of 2,000 mm diameter and 2,000 mm 
depth and then immersed in light water to form the core. A part of the reflector region 
can be substituted for a heavy-water reflector. Three types of fuel frames, each having 
different fuel loading pitch and thus providing different neutron spectra in the core, 
are available. The core can be separated into two parts with arbitrary gap width, and 
it is suitable for coupled core and criticality safety studies. 

The C-core is used for carrying out a wide variety of basic studies on light- 
water-moderated systems, including the development of high-flux research reactor, 
enrichment reduction in a research reactor, criticality safety, and study of coupled 
core theory. 

The C-core is also used for conducting a graduate-level joint reactor laboratory 
course in affiliation with many Japanese universities in addition to conducting an 
undergraduate-level reactor laboratory course in affiliation with the Kyoto Univer- 
sity. International reactor laboratory courses for students overseas have been also 
conducted since 2003. 


1.1.4 Pulsed-Neutron Generator 


A pulsed-neutron generator (Fig. 1.4) is attached to KUCA. Deuteron (D) ion beams 
are injected onto a tritium (T) target to generate the pulsed neutrons (14 MeV 
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Fig. 1.4 Pulsed-neutron generator (D-T accelerator) (Ref. [1]) 


neutrons) through 3H(d, n)*He reactions. The pulsed-neutron generator can be 
used in combination with the critical assembly (A-core). The system consists of a 
duoplasmatron-type ion source, a high-voltage generator with a capacity of 300 KV, 
an acceleration tube, a beam pulsing system, and a tritium target. The main charac- 
teristics of deuteron ion beams are follows: the acceleration voltage 300 kV at most; 
the beam current 5 mA at most; the neutron pulsed width ranging between 300 ns 
and 100 ps; the pulsed repetition rate between 0.1 Hz and 30 kHz (max. duty ratio 
1%). 

The pulsed-neutron generator has been used, in combination with the A-core, for 
carrying out basic studies on ADS and fission-fusion hybrid reactor systems. 


1.1.5 Fixed-Field Alternating Gradient Accelerator 


Fixed-Field Alternating Gradient (FFAG) accelerator, which was originally proposed 
forty years ago, attracts much attention because of its advantages, such as a large 
acceptance or a possible fast repetition rate, compared with that for synchrotrons. 
Furthermore, the operation of an FFAG accelerator is expected to be very stable 
because no active feedback is required for the acceleration. From these features, 
FFAG accelerator is considered a good candidate for the proton driver in ADS. 
FFAG accelerator is available to combine strong focusing optics like a synchrotron 
with a fixed-magnetic field like a cyclotron. Unlike a synchrotron, the magnetic field 
experienced by the particles is designed to vary with radius, rather than time. This 
naturally leads to the potential to operate at high repetition rates limited only by 


Fig. 1.5 FFAG accelerator complex at KURRI (https://www.rri.kyoto-u.ac.jp/facilities/irl) 


the available RF system, while strong focusing provides a possibility of maintaining 
higher intensity beams than in cyclotrons. 

A revival in interest since the 1990s has seen a number of FFAGs constructed, 
including scaling and linear non-scaling variants. However, high bunch charge oper- 
ation remains to be demonstrated. A collaboration has been formed to use an existing 
proton FFAG accelerator at KURNS to explore the high-intensity regime in FFAG 
accelerators. 

At KURNS, the FFAG accelerator complex (Fig. 1.5; Refs. [2—4]) was installed in 
the experimental facility for the basic study of ADS in 2003. The main characteristics 
of proton beams are follows: the energy 150 MeV at most; the beam current 1 nA at 
most; the repetition rate 30 Hz; the pulsed width less than 100 ns. Other than ADS 
experiments, irradiation for the materials, aerosol, and living animals (e.g., rats) are 
performed for the basic studies in various research fields. 


1.2 Accelerator-Driven System 


1.2.1 Overview of Research and Development 


ADS was first proposed as an energy amplifier system [5] that couples with a high- 
power accelerator and a thorium sustainable system. Another possible function of 
ADS was resolving the issue of transmuting minor actinide (MA) and long-lived 
fission product (LLFP) generated from nuclear power plants. ADS has attracted 
worldwide attention because of its superior safety characteristics and potential for 
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burning plutonium and nuclear waste. An outstanding advantage of its use is the 
anticipated absence of reactivity accidents when sufficient subcriticality is ensured. 
Also, ADS is expected to provide capabilities for power generation, nuclear waste 
transmutation, and a reliable neutron source for research purposes. 

The ADS experimental facilities are being prepared for the investigations of 
nuclear transmutation of MA and LLFP, as are the Transmutation Experimental 
Facility (TEF) [6] at the Japan Atomic Energy Agency and the Multi-purpose 
Hybrid Research Reactor for High-tech Applications (MYRRHA) [7] at SCK/CEN in 
Belgium. Research activities on ADS involved mainly the experimental feasibility 
study using critical assemblies and test facilities: MASURCA in France [8-10], 
YALINA-booster and-thermal in Belarus [11—13], VENUS-F in Belgium [14—17], 
and КОСА in Japan [18—78]. At these facilities, feasibility studies on ADS have 
been conducted by combining a reactor core (fast or thermal core) with an external 
neutron source by the D-T accelerator (14 MeV neutrons) or 100 MeV proton accel- 
erator (KUCA only), through experimental and numerical analyses of reactor physics 
parameters, including statics parameters: reaction rates, neutron spectrum, and 
subcritical multiplication factor; kinetics parameters: subcriticality, prompt neutron 
decay constant, effective delayed neutron fraction, and neutron generation time. 
Here, to ensure measurement methodologies of the statics and kinetics parameters 
and confirm numerical precision by stochastic and deterministic calculations, many 
attempts were made for uniquely developing new-type and high-precision detectors, 
and interestingly for introducing advanced-numerical approaches, respectively. 


1.2.2 Feasibility Study at КОСА 


At KURRI, a series of preliminary experiments on the ADS with 14 MeV neutrons 
was officially launched at KUCA in 2003, with sights on a future plan (Kart & Lab. 
Project) [79, 80]. The goal of the plan was to establish a next-generation neutron 
source, as a substitution for the current 5 MW Kyoto University Research Reactor 
established in 1964, by introducing a synergetic system comprising a research reactor 
and a particle accelerator. High-energy neutrons generated by the interaction of high- 
energy proton beams (100 MeV) with heavy metal was expected to be injected into 
the KUCA core, and finally, the world's first injection [21] of high-energy neutrons 
obtained by a new accelerator was successfully conducted into the KUCA core in 
2009. The new accelerator is called the FFAG accelerator of the synchrotron type 
developed by the High Energy Accelerator Research Organization in Japan. 

Prior to actual ADS experiments with 100 MeV protons, it was requisite to estab- 
lish measurement techniques for various neutronics parameters and the method for 
evaluating neutronic properties of the ADS with 100 MeV protons. Uniquely, КОСА 
has outstanding features of two external neutron sources (14 MeV neutrons and 
100 MeV protons) and a variety of neutron spectrum cores, although the KUCA cores 
provide almost a thermal neutron spectrum. For the accomplishment of research 
objectives, a series of basic experiments with 14 MeV neutrons obtained by the 
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D-T accelerator had been carried out using the A-core (Fig. 1.2) and the pulsed- 
neutron generator (Fig. 1.4) of KUCA. Then, neutron characteristics of statics and 
kinetics parameters in reactor physics were experimentally investigated through the 
development of measurement methodologies and numerically examined through the 
confirmation of calculation precision by the Monte Carlo calculations. After the 
first injection of 100 MeV protons, the next campaign of ADS experiments was 
devoted to basic research (feasibility study) on ADS coupling with the FFAG accel- 
erator (a tungsten or lead-bismuth: Pb-Bi target) and the A-core, by varying external 
neutron source (14 MeV neutrons or 100 MeV protons), neutron spectrum of reactor 
core combined with nuclear fuel (uranium-235, thourim-232, and natural uranium), 
moderators (polyethylene and graphite) and reflectors (polyethylene, graphite, beryl- 
lium, aluminum, iron, lead, and bismuth), and subcriticality. Significantly, in 2019, 
the world's first nuclear transmutation of MA by ADS [66] was accomplished at the 
condition that the spallation neutrons were supplied to a subcritical core through the 
injection of 100 MeV protons onto a Pb-Bi target, demonstrating fission and capture 
reactions of neptunium-237 and americium-241. 

АП experimental data of ADS were compiled as “ADS experimental bench- 
marks at КОСА, publishing the KURNS technical reports [81—85], and employed 
as “Coordinated (Collaborative) Research Projects (CRP) of Accelerator-Driven 
System and Low-Enriched Uranium Cores in ADS" organized by the International 
Atomic Energy Agency (IAEA). Through the CRP programs of ADS by IAEA 
ranging between 2007 and 2018, experimental data of ADS at KUCA were shared 
with all IAEA state members and used for conducting the validation and verification 
of nuclear calculation codes and major nuclear data libraries. 
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Abstract Fora subcritical reactor system driven by a periodically pulsed spallation 
neutron source in КОСА, the Feynman-a and the Rossi-o neutron correlation anal- 
yses are conducted to determine the prompt neutron decay constant and quantitatively 
to confirm a non-Poisson character of the neutron source. The decay constant deter- 
mined from the present Feynman-a analysis well agrees with that from a previous 
analysis for the same subcritical system driven by an inherent source. Considering 
the effect of a higher mode excited, the disagreement can be successfully resolved. 
The power spectral analysis on frequency domain is also carried out. Not only the 
cross-power but also the auto-power spectral density have a considerable correlated 
component even at a deeply subcritical state, where no correlated component could 
be previously observed under a 14 MeV neutron source. The indicator of the non- 
Poisson character of the present spallation source can be obtained from the spectral 
analysis and is consistent with that from the Rossi-o analysis. An experimental tech- 
nique based on an accelerator-beam trip or restart operation is proposed to determine 
the subcritical reactivity of ADS. Applying the least-squares inverse kinetics method 
to the data analysis, the subcriticality can be inferred from time-sequence neutron 
count data after these operations. 
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2. Feynman-a and Rossi-c Analyses 


2.1.1 Experimental Settings 


2.1.11 Core Configurations 


The Feynman-a and the Rossi-a neutron correlation analyses considering a non- 
Poisson character of the spallation source [1] are carried out in the A-core that has 
two kinds of fuel assemblies: 1/8"P60EUEU апа 1/8"PAEUEU. Figure 2.1 shows 
a side view of the fuel assembly referred to as 1/8"P60EUEU. Fuel and moderator 
plates of the assembly were set in a 1.5 mm-thick aluminum sheath and the cross 
section of these plates within the assembly was the square of 2" (50.8 mm). The fuel 
assembly consisted of 60 unit cells. The unit cell was composed of two (1/16" thick) 
uranium plates with Al cladding and one (1/8" thick) polyethylene plate. Each of 
the fuel assemblies had 120 sheets of the uranium plates. The active height of the 
core, namely 60 unit cells, was 15" (about 38 cm). Adjacent to both axial sides of the 
active region of each fuel assembly, about 22" (57 cm) upper and 24" (52 cm) lower 
polyethylene reflectors were attached, respectively. Another fuel assembly referred 
to as 1/8" PAEUEU consisted of 4 unit cells with upper and lower polyethylene 
reflectors. The core configuration employed in this study is shown in Fig. 2.2. The 
twenty-five 1/8” P60EUEU assemblies and one 1/8"PAEUEU assembly were loaded 
on а grid plate to constitute a critical reactor core. The core was surrounded with 
many polyethylene-reflector assemblies. 

The subcriticality for the present experiment was adjusted by changing the axial 
position of the central fuel loading [3], as well as the positions of safety and control 
rods. These subcritical and critical patterns employed in the present experiments 
are shown in Table 2.1, where these respective subcriticalities are calculated by the 
continuous-energy Monte Carlo code MVP version 3 (MVP3) [3, 4] with the nuclear 
data library JENDL-4.0 [5] are also included. The error of the subcriticality indicates 
statistical uncertainty + 1o of ће MVP calculation. 
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4 
Poly. reflector (PE) 
(1/2 x 19 + 1/4") 
(9.75") 


Al plate Gr (2^) Gr (2") * Void (1.7") 


(20.00 mm) 
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Fig. 2.1 Description of 1/8"P60EUEU fuel assembly (Ref. [2]) 
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Fig. 2.2 Top view of core configuration and neutron detector location (Ref. [1]) 


Table 2.1 Experimental patterns of control rods and central fuel loading (Ref. [1]) 


Subcritical | Axial position [mm] Central Subcriticality 
Pattern C3 54 55 56 Loading |[%АК/К] 
Critical UL. ош ІЛ. UL. |С1. 

A UL. ош |UL. ош. ІСІ. 0.307 + 0.008 
B UL. ош ІЛ. |UL. | CL 0.725 + 0.018 
C LL. |UL. |UL. UL. |CL 1.483 + 0.040 
D LL. UL |UL ILL. (СІ. 2.056 + 0.054 
E LL. LL |LL |ы. (СІ. 3.189 + 0.083 
F LL. ILL. ІЛ. |LL. | CW. 13.604 + 0.381 


L.L.: Lower Limit [0 mm], U.L.: Upper Limit [1200 mm] 


C.I.: Completely Inserted, C.W.: Completely Withdrawn 


2.1.1.2 Experimental Conditions 


Four BF; proportional neutron counters (LND-202101, 1" dia., 15.47" len.) were 
used for the present experiment. These BF3 counters on locations (Q, 12), (P, 8), 
(L, 7), and (E, 8) are referred to as ВІ, B2, B3, and B4, respectively. The axial 
center of effective length of these counters was located at the axial center position 
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of active region of the fuel assembly. The present nuclear instrumentation system 
consisted of conventional detector bias-supply, pre-amplifier, spectroscopy amplifier, 
and discriminator modules. Finally, signal pulses from these BF; neutron counters 
were fed to a time-sequence data acquisition system, which registered the arriving 
time of the signal as digital data. The time length of the acquired data for each 
subcritical pattern was about 30 min. 

The pulsed proton beams were supplied by a fixed-field alternating gradient 
(FFAQ) accelerator. The proton beam intensity of the accelerator was set to 30 pA for 
any subcritical patterns except for pattern A. For only pattern A, we necessarily made 
the proton beam intensity fall to 12 pA, to reduce counting loss originated from the 
dead-time effect of neutron counter. Throughout the present accelerator operations, 
the pulsed repetition frequency and the beam width were set to 30 Hz and 100 ns, 
respectively. 


2.1.2 Formulae for Data Analyses 


2.1.2.1 Feynman-o Formula 


Rana and Degweker [6] derived the Feynman-a and the Rossi-a formulae for a 
periodically pulsed non-Poisson source, where delayed neutron contribution was 
considered and each pulse was assumed to be a delta function. Since the pulse width of 
100 ns of our accelerator is much shorter than the time scale of the present correlation 
analyses, the assumption is acceptable. First, we consider the zero-power transfer 
function G(s) as follows: 

— p, (2.1) 


1 ic В 
as = (^* Xx 


where the six group model of delayed neutrons is supposed. When the poles and the 
residues of the above transfer function are represented by s; and A;, respectively, a 
parameter Y; of the Feynman-a analysis can be defined as [7]. 


2 v vw 1) A; G(aj) 


Yy; = 
p2 а; 


| (2.2) 


where 
Qj = —Si. (2.3) 


Then, the Feynman-a formula derived by Rana and Degweker [6] can be written 
as follows: 
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(-о) fT 


where f is pulse repetition frequency and [f T] represents largest integer less or 
equal to f T. The largest a7 is a prompt-neutron decay constant to be determined 
and the other о; is a decay constant of each delayed-neutron mode. Other notations 
are conventional except for m, and то, which аге first and second factorial moment 
of source multiplicity distribution and are defined by the following equations [8], 
respectively: 


ті = №, (2.5) 


m = N(N — DV? + Мәр(Ур- 1), (2.6) 


where N and vsp are number of protons in a pulsed bunch and number of neutrons 
produced by each spallation event, respectively. These definitions lead to the 
following expression: 


тз — mi = (NT - Ñ - №) T? + Woy (ns — 1). (2.7) 


The above quantity gives an expression for non-Poisson character of a neutron 
source and is included in the first term of Eq. (2.4). When the proton number N 
follows the Poisson distribution, the first term of Eq. (2.7) disappears. The second 
term is expected to increase with an increase in proton energy but the present energy 
100 MeV may lead to a small positive value. 

Equation (2.4) is not available for least-squares fitting to the Y data because of a 
complexity of the delayed neutron terms and many unknown parameters included in 
the terms. Here, we reduce the rigorous equation to obtain a practical fitting formula. 
First, the gate-time T of the Feynman-a analysis is restricted within the following 
range: 


1 
T<—i=1,2,...,6. (2.8) 


1 


In the above range, the following Maclaurin expansions сап be done: 


(= o; Т)? 


e "T |—=Т-+ 5 Я (2.9) 
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2 
+ o; (r = Ул) + 5а) (т £N , (2.10) 


ac. (2.11) 


We substitute Eqs. (2.9), (2.10), and (2.11) into Eq. (2.4) to obtain the following 
final form: 


үту=с\(1 с) 
TA 


Р «(Т un) m s (T-P) ЕТЕ БЕ 
+С2 = у 
Тар (1 — e) 
[f£ T] 
TC; Pa Sp ыста шағымы + СТ (2.12) 
where 
2 

= Pagyy ta, 4 V zm) Co 2.1 

С, D npo 0С , (2.13) 
-2 2 
Qus МЕР. (2.14) 
v(v— DA 
Аат A мт (=p) xe 

Сз = MEM Yi, 2.15 

= EA vo- DA >. euim 
6 2 
еў Y; а; (m = mî) (-о) 

= pr À —_— 2.1 
Ca ig Met fay + e. ош 
a = Q7. (2.17) 


In this Feynman-a analysis, Eq. (2.12) is fitted to the Y data to obtain the prompt- 
neutron decay constant o and the four coefficients (С, Со, Сз, Сд). 


2.1.2.2  Rossi-« Formula 
In the same manner as a derivation of the practical Feynman-a formula, the Rossi-a 


formula proposed by Rana and Degweker [6] can be reduced. Their formula can be 
written as follows: 
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(2.18) 


The conditional counting probability р(т)Ат is a probability that, given a neutron 
count at a time, there is a subsequent count in Ат around time т later. First, the time 
interval т of the Rossi-a analysis is restricted within the following range: 


1 
t< —і = 1,2,..., 6. (2.19) 


Under the above time-interval range, (һе following Maclaurin expansions сап һе 
done: 


n TEMO (2.20) 
2 
jede uu deg (: шы) 4 La? (: 2 . — (221) 


We substitute the above equations into Eq. (2.18) to obtain the final form: 


р(т)Ат = Cse °* + Cg = + C7 - Cet, 
(е7) 
(2.22) 
where 
"EL (m — mi) (р) 
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МЛ eis n (m = mi) (р) 
С = Qa. Y; А+ + ee AT, 2.26 
2 24 /" mvv-DA ы 


a = ат. (2.27) 


In this Rossi-a analysis, Eq. (2.22) is fitted to the р(т)Ат data to obtain the 
prompt-neutron decay constant o and the four coefficients (Cs, Сб, Сз, Cg). 


2.1.3 Results and Discussion 


2.1.31 Feynman-« Analyses 


Time-sequence counts data within a time interval (gate time) of 1 ms were generated 
from the arriving time data registered, and then the count data within longer gate 
times were synthesized by the moving-bunching technique [9] to calculate a gate- 
time dependence of the Y defined as variance-to-mean ratio minus 1 of the count's 
data. Figure 2.3 shows a gate-time T and a subcriticality dependence of the Y obtained 
by the Feynman-a analysis, where neutron counter is B1. The gate-time dependence 
of the Y is oscillatory due to the periodicity of the pulsed source. The Y of the slightly 
subcritical pattern B tends to increase with a lengthening in gate time, while that of 
the deeply subcritical patterns C, D, and E scarcely have the increasing trend and 
the difference of the amplitude among these patterns is small. At pattern F, whose Y 
is not drawn in Fig. 2.3, the Y scarcely has the increasing trend and the amplitude 
is slightly smaller than that at pattern E. The least-squares fits of Eq. (2.12) to the 
Y data are included in Fig. 2.3, where the fitted curves are in very good agreement 
with the Y data. The result obtained from counter B2 and B3 was similar to the 
above observation obtained from counter B1 but that from counter B4 was entirely 
different. 


Fig. 2.3 Subcriticality 25 
dependence of Y value of 
counter ВІ (Ref. [1]) 
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Fig. 2.4 Subcriticality Driven by Pulsed Spallation Source, Counter B4 
dependence of Y value of 
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Figure 2.4 shows a gate-time Т and a subcriticality dependence of the Y obtained 
by the Feynman-a analysis, where neutron counter is B4. In a shorter gate-time 
range than about 0.03 s, a slight difference in the Y among subcritical patterns can 
be observed. In the longer range, however, the Y data of respective patterns are 
overlapped. This feature suggests that counter B4 hardly detects fission neutrons 
which have an information of the subcriticality and most of the neutron counts must 
be generated from the detection of source neutrons arriving from the target. 

In Fig. 2.5, the prompt-neutron decay constant о) obtained from the present 
Feynman-a analysis under the pulsed spallation source is compared with the average 
decay constant done from the previous analysis under a stationary source inherent 
in nuclear fuels [2], where the previous three decay constants from three neutron 
counters (B1, B2, B3) are averaged to obtain the average and the standard deviation. 


Fig. 2.5 Comparison of 4000 
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The error of the present decay constant represents statistical uncertainty + lo derived 
from a nonlinear least-squares method. Since counter B4 was placed far from the 
core and consequently had very small detection efficiency, the previous analysis for 
the counter was unsuccessful. 

The present decay constants of counters B1, B2, and B3 agree well with the 
previous average decay constant, while the decay constant of counter B4 is much 
larger than the previous one. As mentioned in Fig. 2.4, the counter B4 placed far 
from the fuel region and closely to the target must scarcely detect fission neutrons 
and consequently have little information about fission chain. Most of neutron counts 
of the counters B1, B2, and B3 located closely to the fuel region are expected to be 
generated from the detection of fission neutrons. 


2.1.3.2 Rossi-« Analyses 


Figure 2.6 shows a time-interval т and subcritical-pattern dependences of the condi- 
tional counting probability р(т)Ат obtained by the Rossi-a analysis, where neutron 
counter is B1. The least-squares fits of Eq. (2.22) to the counting probability data 
are included in this figure, where the fitted curves seem to be in good agreement 
with the data but the fittings are unsuccessful. Figure 2.7 shows an enlarged view 
near the second peak in Fig. 2.6. A considerable difference between the counting 
probability data and Eq. (2.22) fitted to the data can be observed. The probability 
data have a smooth convex top at every integral multiple of pulse period, while the 
fitted curve of Eq. (2.22) has a sharp cusp arising from a delta-function-like shape 
of pulsed neutron. Since the pulse width of 100 ns of our accelerator is much shorter 
than the time scale of the present correlation analyses, the assumption that each pulse 
has a delta-function-like shape is acceptable. Here, we consider the reason why the 
Rossi-a data had the smooth convex top. 

In the previous pulsed-neutron-source experiments [10—12], a considerable delay 
in counter response to neutron generation has been observed. The delay has been 
considered to originate primarily from a slowing down and a thermalization time of 
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Fig. 2.7 Enlarged view near 
a peak in Fig. 2.6 (Ref. [1]) 


= Driv en by Pulsed Spallation Source, С ounter ВІ 


Rossi-& Analysis — — Fitted Curve 
At-30us of Eq.(2.22) 


Pattern B 


Counting Probability P(t)At |%) 


0.031 0.033 0.035 
Time Interval т [s] 


high-energy source neutrons for moderation to thermal energy and from a diffusion 
time of the thermalized source neutrons for arrival at core. The delay could be also 
interpreted as a higher harmonics effect [13, 14]. 

In the previous pulsed-neutron-source experiments mentioned above, the decay 
data deviated from a single exponential curve were masked to determine the funda- 
mental prompt-neutron decay constant from a least-squares fitting of a conventional 
formula based on the one-point kinetics model. We tried to apply this masking tech- 
nique to the present Rossi-a analysis. As shown in Fig. 2.8, the data around each 
smooth convex top were masked for a least-squares fitting of the present Rossi-a 
formula. The cusps of these fitted curves appear sharper than those of Fig. 2.7. The 
correlation coefficient is an indication of a goodness of the least-squares fitting. In 
this study, we employed the mask width with the maximum coefficient. The optimal 
mask width for every counter and every subcritical pattern was determined. 

In Fig. 2.9, the prompt-neutron decay constant o obtained from the present Rossi- 
а analysis under the pulsed spallation source is compared with the average decay 
constant done from the previous analysis under a stationary source inherent in nuclear 
fuels [2], where the masking technique is not applied to the present analysis. The 
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Fig. 2.9 Comparison of 
respective prompt-neutron 
decay constants obtained 
from Rossi-a analyses under 
pulsed spallation and 
inherent source (Ref. [1]) 
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present decay constant is in poor agreement with the previous one. This disagree- 
ment could be resolved by applying the masking technique, as shown in Fig. 2.10. 
Except for counter B4, the decay constant obtained from the present analysis with the 
masking technique is in good agreement with that done from the previous analysis. 
The counter B4 placed far from the fuel region and closely to the neutron source 
derives a large decay constant of source neutrons in reflector. As shown in Fig. 2.5, 
the decay constant obtained from the present Feynman-a analysis, except for counter 
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B4, well agreed with the previous decay constant. We can have this fortunate agree- 
ment because the respective negative and positive sharp cusps of the uncorrelated 
second and third terms of Eq. (2.12) barely cancel out, as shown in Fig. 2.5. In 
contrast, the present Rossi-a formula has no cancelation mechanism and has sharp 
cups at every integral multiple of pulse period. 


2.1.3.3 Comparison of Correlation Amplitude Between Spallation 
and Poisson Sources 


Many authors [6, 8, 15-18] theoretically showed that the non-Poisson spallation 
source enhanced the correlation amplitudes of various reactor noise analyses. Here, 
we compare the correlation amplitudes obtained from the Feynman-a and Rossi- 
a analyses under the present non-Poisson spallation source with those under the 
previous Poisson inherent source [2]. First, the respective prompt correlation ampli- 
tudes C, and Cs of the present Feynman-a and Rossi-a formulae are rewritten in the 
familiar forms. The prompt quantity Y; included in the correlation amplitudes can 
be described as follows [6]: 


v(v— 1) 


Ур = 
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When the above equation is substituted for Eqs. (2.13) and (2.23), the following 
equations can be, respectively, obtained: 
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The respective correlation amplitudes Сір and Csp of the conventional Feynman- 
а and Rossi-a formulae for a stationary Poisson source can be described as follows 


[7]: 
(2.31) 
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where 


Assuming that a detection efficiency є has no difference between the non-Poisson 
spallation and the Poisson sources, the following relationships hold: 
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The respective second terms of the right-hand sides of the above two equations 
express the enhancement by the non-Poisson character of the spallation source. 
The enhancement disappears at a critical state and increases with an increase in 
subcriticality. 

Next, the subcriticality dependence of the enhancement is experimentally 
confirmed. Figure 2.11 shows a comparison of respective prompt correlation ampli- 
tudes obtained from the Feynman-a analyses under the present pulsed spallation and 
the stationary inherent sources. The latter is a stationary Poisson source since the 
inherent source neutrons are dominantly produced by (o, п) reaction and sponta- 
neous fissions negligibly contribute to the source strength [2]. This figure indicates 
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that the enhancement of the prompt correlation amplitude increases with an increase 
in subcriticality. The non-Poisson character of the spallation source enhances the 
amplitude clearly. 

Figure 2.12 also shows another comparison of respective prompt correlation 
amplitudes obtained from the Rossi-o analyses under the present pulsed spallation 
and the stationary inherent sources. This also indicates that the non-Poisson character 
of the spallation source significantly enhances the amplitude. The above discussion 
is confined to the qualitative observation and some quantitative evaluation of the 
non-Poisson character must be difficult. This is because a detection efficiency = has 
a considerable difference between the external spallation and the inherent sources 
and the efficiency must depend on the subcriticality. A spatially uniform inherent 
source in fuels hardly excites any higher modes, however, another spatially localized 
external source significantly excites a higher mode with an increase in subcriticality, 
as could be observed in a source multiplication measurement [2]. In next Sect. 2.1.3.4, 
we try to derive a quantitative indicator of the non-Poisson character. 


2.1.3.4 Indicator of Non-poisson Character of Spallation Source 


Dividing Eq. (2.23) by Eq. (2.24) of the present Rossi-a formula, the following 
equation can be obtained: 
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The above equation has no detection efficiency and asymptotically approaches 
the second term with an increase in the subcriticality. The second term quantitatively 
expresses a non-Poisson character of the spallation source and may be referred to 
as "the Degweker's factor" of multiplicity distribution of neutrons in a pulse bunch. 
When the multiplicity follows the Poisson distribution, the factor becomes zero. 
Degweker et al. theoretically simulated the Rossi-a analysis changing parametrically 
the above factor to investigate an impact of non-Poisson source [8]. 

Generally, the ratio of the second factorial moment to the first factorial moment 
squared of a multiplicity distribution has been employed as an indication charac- 
terizing the distribution. As an example, Diven factor [19] is defined as the ratio of 
the second factorial moment to the first factorial moment squared of a multiplicity 
distribution of fission neutrons emitted from a fission event and is a useful indication 
characterizing the multiplicity distribution. Adding 1 to the Degweker's factor, the 
result is the ratio of the second factorial moment to the first factorial moment squared 
of the multiplicity distribution of neutrons in a pulse bunch. Consequently, this factor 
is eligible to employ as the indication characterizing the multiplicity distribution and 
should be determined experimentally. 

Figure 2.13 shows a subcriticality dependence of the ratio Cs/C6 determined from 
the present Rossi-a analysis. At the more deeply subcritical system than pattern C, 
the ratio seems to be an asymptotic value. Seeing the ratio within the subcritical 
range from pattern C to F, no systematic dependence on the subcriticality can be 
Observed. Averaging the ratios over the subcritical range and over four counters, we 
obtain the second term, i.e., һе Degweker's factor of 0.067 + 0.011. The non-zero 
value convinces us that the present spallation source has the non-Poisson character. 
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If the accelerator had higher energy proton beam than 100 MeV, the factor would be 
larger [20]. 


2.2 Power Spectral Analyses 


2.2.1 Experimental Settings 


The power spectral analysis on frequency domain is carried out in the same A-core 
as shown in Fig. 2.2 [21]. Figure 2.14 shows the present signal processing circuit, 
whose former stage consisted of conventional charge preamplifier (PA), detector 
bias-supply (HV), spectroscopy amplifier (SA), and single-channel analyzer (SCA) 
modules. A special count-rate meter (Oken S-1955) input logic pulse train from SCA 
to output analog signal proportional to instantaneous count rate. The rate meter could 
be well modeled by a primary delay element which had the time constant of 3.88 ms 
(break frequency 41.0 Hz). The time constant of the meter is so short that a large 
portion of reactor noise passes through the filtration. Finally, analog signals from 
the two count-rate meters were fed to a fast Fourier transform (FFT) analyzer (Ono 
DS-3200) to obtain auto- and cross-power spectral densities and to record the analog 
signals as digital data. This FFT analyzer has a highly resolvable analog-to-digital 
converter whose number of bits and dynamic range are 24 bits and above 110 dB, 
respectively. An analysis range in frequency from 1.25 to 1000 Hz was specified to 
obtain 800-point spectral data. Delayed neutrons are expected to contribute hardly 
to the power spectral density obtained from the FFT analyzer because the above 
minimum frequency of 1.25 Hz is larger than the 6th decay constant 3.0157! (0.48 Hz) 
of a delayed neutron data given by Keepin [22]. 

In each subcritical pattern, time-sequence signal data were acquired for about 
10 min. A response function of the above count-rate meter was measured in advance 
and the auto-and cross-power spectral densities obtained were divided by the auto- 
power spectral density of the response of the count-rate meter, so as to compensate 
an influence of the meter. Throughout the present accelerator operations, the pulsed 
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Fig. 2.14 Signal processing circuit for power spectral analysis (Ref. [21]) 
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repetition frequency and the beam width were set to 30 Hz and 100 ns, respectively. 
The proton beam intensity of an accelerator was set to 30 pA. 


2.2.2 Formula for Power Spectral Analyses 


2.2.2.1 Degweker's Formula 


Degweker and Rana [8] formulated the auto- and cross-power spectral densities for 
a periodically pulsed non-Poisson source, where delayed neutron contribution was 
neglected and each pulse was assumed to be a delta function. The neglect of delayed 
neutron contribution is acceptable as mentioned in the above Sect. 2.2.1. Since the 
pulse width 100 ns of our accelerator is much shorter than the time scale of the 
present analysis, the assumption of the delta function is also acceptable. Here, their 
formulae are rewritten as a function of not angular frequency œ s^! but frequency f 
Hz. Then, their cross-power spectral density between neutron detector 1 and 2 can 
be described as follows: 
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Their auto-power spectral density of neutron detector 1 can be also described as 
follows: 
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Cs(f) = BH( d? Вт, (2.44) 


where о and fr represent prompt-neutron decay constant and pulse repetition 
frequency, respectively. H(f) is a power spectral density of an impulse response 
of detector and processing-circuit system. 


2.2.2.2 Formula Applied to Present Analyses 


The auto-power spectral density has a white chamber noise indicated by the first 
term of Eq. (2.41). The correlated component done by the second term is completely 
hidden by the chamber noise in a higher frequency range, and this feature suggests a 
difficulty in estimating the break frequency, i.e., the prompt-neutron decay constant 
[12, 23]. In previous reactor noise analysis for a stationary source, Nomura [24] 
proposed the use of two neutron detectors with independent electronic circuits to 
reduce this spurious white noise and demonstrated the usefulness of his proposal. 
His original improvement referred to as the two-detector method is identical with the 
cross-power spectral analysis familiar to signal processing field. Actually, Eq. (2.37) 
for the cross-power spectral density has no term of the white noise. In the present 
study, we analyze only the cross-power spectral density free from the white noise. 

The two coefficients defined by Eqs. (2.38) and (2.39) include H (f) and depend on 
frequency f. When the frequency response of the count-rate meter is compensated as 
mentioned in Sect. 2.2.1, these coefficients are independent of the frequency. For the 
following expressions, each coefficient is described as a constant. Then, Eq. (2.37) 
can be rewritten as 
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The second term of the above equation gives an expression to the uncorrelated 
delta-function peaks at the multiple of pulse repetition frequency fr. At frequency 
of the integral multiple, Eq. (2.45) can be reduced as follows: 
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The second uncorrelated term of the above equation is larger than the first corre- 


lated term by over two orders of magnitude [12, 23]. Then, Eq. (2.46) can be simplified 
as 


Ci 


Pi2(n fr) = unio ea n 


2123... (2.47) 


32 K. Hashimoto 


From a least-squares fit of Eq. (2.47) to peak data at frequency of the integral 
multiple of fg, the prompt-neutron decay constant o and coefficient С» can be 
determined. 

Next, a well-known effect of a higher mode excited by the injection of pulsed 
neutrons [10-12] should be considered. Sakon et al. employed the following equation 
to consider the effect successfully [12, 23]. 


C5 Сэн 
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Ф\›(п fr) = ,n21,2,3,.... (2.48) 


When certain a higher prompt mode as well as a fundamental prompt mode are 
excited, such a higher term as the second term of the above equation can be added 
to the fundamental term of the power spectral density [25-27]. The prompt-neutron 
decay constant of the higher mode is represented by он. The coefficient Cog includes 
the eigenfunction and the adjoint eigenfunction of the higher prompt mode. We try 
to apply Eq. (2.48) as well as Eq. (2.47) to derive the fundamental decay constant o 
from the uncorrelated peaks. 

When the uncorrelated peaks of the cross-power spectral density are masked, 
Eq. (2.45) can be reduced to the following equation for the remaining data unmasked: 


Ci 
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From a least-squares fit of Eq. (2.49) to the unmasked data, the prompt neutron 
decay constant а and coefficient C, can be also determined. The above equation 
gives an expression to the correlated noise component and is identical to the familiar 
formula for a stationary neutron source. 


2.2.3 Results and Discussion 


2.2.3.1 Power Spectral Density 


Figure 2.15a, b show measured auto-power spectral density of counter B1 and cross- 
power spectral density between neutron detector B1 and B2, respectively, where 
subcritical pattern is F. The auto-power spectral density is composed of a continuous 
correlated component, another constant chamber noise and many delta-function-like 
peaks at the integral multiple of the repetition frequency, as expected by Eq. (2.41). 
The correlated component tends to be hidden by the white chamber noise with an 
increase in frequency and this feature suggests a difficulty in estimating the break 
frequency, i.e., the prompt-neutron decay constant. 

On the other hand, the cross-power spectral density has no white chamber noise, 
expected by Eq. (2.37). The correlated component is larger than one decade (20 dB). 
This feature is significantly different from that of the auto-power spectral density as 
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Fig. 2.15 Power spectral density measured at subcritical pattern F (Ref. [21]) 


shown above. Obviously, the cross-power spectral density is favorable to estimating 
the decay constant. 

For almost the same subcritical system driven a pulsed 14 MeV Poisson source, 
previously, a power spectral analysis was carried out [12]. Figure 2.16a, b show 
the cross-power spectral densities measured previously, where the respective pulse 
repetition frequencies аге 20 and 500 Hz and the subcriticality 13.59 ФАК/С is 
almost same as that of the present pattern F. In these cross-power spectral densities, 
no correlated noise component could be observed, and we failed in determining 
the prompt-neutron decay constant from correlated component. Naturally, the auto- 
power spectral density also had no correlated component. In contrast to the previous 
analysis, the present analysis gives a considerable correlated component as shown 
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in Fig. 2.15. The non-Poisson character of the spallation source must enhance the 
amplitude of the correlated component over a precision limit of the FFT analyzer. 


2.2.3.2 Prompt Neutron Decay Constant 


Figure 2.17 shows a least-squares fit of Eq. (2.49) to the correlated noise component 
of the cross-power spectral density measured at pattern F. In this fitting, 33 delta- 
function-like peaks were masked. No systematical deviation of the fitted curve from 
the data can be seen. Figure 2.18 shows a least-squares fit of Eqs. (2.47) and (2.48) 


2 Subcriticality 35 
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to the peak points of the cross-power spectral density at pattern F. No systematical 
deviation of fitted Eq. (2.47) from the peak point can be seen in a lower frequency 
range than roughly 500 Hz, while above this frequency, a systematical deviation 
of the fitted curve from the peak points is significant. In contrast to Eq. (2.47), no 
deviation of fitted Eq. (2.48) from the peaks can be observed over the frequency 
range. At all subcritical patterns, the fittings of Eq. (2.48) were very successful. 

In Fig. 2.19, the prompt-neutron decay constant obtained from the present cross- 
power spectral analysis is compared with the average decay constant done from the 
previous Rossi-a analysis under the same spallation source [1]. When Eq. (2.47) is 
fitted to uncorrelated peaks, the present decay constant is in poor agreement with the 
previous one. Fortunately, the fitting of Eq. (2.48) completely resolves this disagree- 
ment. When Eq. (2.49) is fitted to continuous correlated data, the agreement with 
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the previous decay constant is not too bad. The analysis for a much longer time than 
10 min may be required to enhance the agreement. 


2.2.3.3 Indicator of Non-poisson Character of Spallation Source 


Dividing Eq. (2.38) by Eq. (2.39) of the formula for cross-power spectral density, 
the following equation can be obtained: 
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The above equation has no detection efficiency and asymptotically approaches to 
the second term with an increase in the subcriticality, i.e., the prompt-neutron decay 
constant a. The second term quantitatively expresses а non-Poisson character of the 
spallation source and may be referred to as "the Degweker's factor" of multiplicity 
distribution of neutrons in a pulse bunch. When the multiplicity follows the Poisson 
distribution, the factor becomes zero. Degweker et al. theoretically simulated the 
Rossi-a analysis changing parametrically the above factor to investigate an impact 
of non-Poisson source [8]. The Degweker's factoris a useful indication characterizing 
the multiplicity distribution of the spallation neutrons in a pulsed bunch. 

Figure 2.20 shows a subcriticality dependence of the ratio fp С/С determined 
from the present cross-power spectral analysis. At the more deeply subcritical system 
than pattern C, the ratio seems to be an asymptotic value. Seeing the ratio within the 
subcritical range from pattern C to F, no systematic dependence on the subcriticality 
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can be observed and these ratios are considered to be the asymptotic value, i.e., the 
Degweker’s factor. Averaging the ratios over the subcritical range from Pattern C 
to F, we obtained the second term, i.e., the Degweker’s factor of 0.082 + 0.021. 
This value is consistent with 0.067 + 0.011 determined from the previous Rossi-a 
analysis [1]. 


2.3 Beam Trip and Restart Methods 


2.3.1 Experimental Settings 


2.3.1.1 Core Configurations 


A series of accelerator-beam trip and restart experiments is carried out to determine 
the subcriticality of a reactor system driven by a pulsed 14 MeV neutron source 
[28]. This core configuration is shown in Fig. 2.21. The core was composed of 20 
regular fuel assemblies and one partial fuel assembly, which were loaded on the grid 
plate. The fuel and moderator elements of each assembly were set in a 1.5-mm-thick 
aluminum sheath and the cross section of the elements within the assembly was the 
square of 2". The regular fuel assembly was composed of 36 unit cells of one (1/16" 
thick) uranium plate with Al clad and two (1/8" and 1/4" thick) polyethylene plates, 
while the partial fuel assembly was composed of 12 unit cells of these plates. The 
partial fuel assembly was employed to adjust the excessive reactivity of the core. 
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Fig. 2.21 Top view of core configuration and neutron detector location (Ref. [28]) 


The active height of the core was about 40 cm, with additional about 60 cm upper 
and lower polyethylene reflectors. The configuration of these fuel assemblies was 
reported in detail by Pyeon et al. [29]. 

A pulsed neutron generator was combined with the core, where 14 MeV pulsed DT 
neutrons were injected into the subcritical system through the polyethylene reflector. 
The generator consisted of a duoplasmatron-type ion source, a Cockcroft- Walton- 
type accelerator for deuteron (D*) beam, and tritium (T) target of gas-in-metal type. 
The pulsed neutrons are generated through the D-T reaction by the pulsed and accel- 
erated D* beam and T in the target metal. The target was placed outside the polyethy- 
lene reflector, as shown in Fig. 2.21. The pulse duration and repetition period of the 
D* beam pulse can be remotely controlled by using an arc-pulser installed in the 
control room of KUCA. The current and acceleration voltage of the D* beam pulse 
can also be controlled from the control room. In the present experiment, the major 
parameters of the accelerator drive were set to 160 keV in beam energy, 0.6-0.8 mA 
in beam current, 0.8 ms in pulse width, 1 ms in pulse repetition period, and 5.1-9.2 V 
in arc voltage of the ion source. 


2.31.2 Experimental Procedures and Conditions 
Four BF; proportional counters (1” dia.) were employed as experimental channels. 


As shown in Fig. 2.21, these BF; counters were placed on several positions around 
the core to measure the reactor response to beam trip and restart operations and to 
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Table 2.2. Control rod patterns employed in the present experiment (Ref. [28]) 


Pattern Rod position Reactivity 
CI C2, C3 S4, S5, S6 [АКК] 

А L.L. U.L. U.L. —0.240 

B L.L. L.L. U.L. —0.636 

С L.L. L.L. L.L. —1.577 


L.L.: Lower Limit [0 mm], U.L.: Upper Limit [1200 mm] 


investigate the spatial dependence. The nuclear instrumentation system consisted 
of a detector bias supply, a preamplifier, a spectroscopy amplifier, and discriminator 
modules. Finally, signal pulses from four neutron counters were fed to a multichannel 
scaler to acquire time-sequence count data. The gate width of the scaler was set to 
0.1 s. At a slightly subcritical state, the count rate of each neutron counter was 
expected to be so high that count losses would be induced by the dead-time effect 
of the neutron counter. Hence, the acquired count data were corrected for the losses 
on the basis of the non-paralysable model, where we used the dead time of 4 us 
predetermined by an improved Feynman-a analysis [30]. 

First, an Am-Be neutron source for reactor startup was inserted. Then, the subcrit- 
icality for the experiment was adjusted by changing the axial positions of safety rods 
and control ones. The neutron source was taken out of the core and the injection 
of pulsed neutrons began. The control rod patterns employed in the experiment are 
shown in Table 2.2. The reference reactivity, included in this table, was evaluated 
from the reactivity worth of each rod, whose worth was predetermined by the positive 
period method and the rod drop one. 

In a beam trip experiment, a certain arc voltage of the ion source was suddenly 
dropped to turn off the D* pulse beam. In the succeeding beam restart experiment, 
the voltage was rapidly returned to the original value to turn on the beam. 


2.3.22 Data Analyses Method 


2.3.2.1 | Least-Squares Inverse Kinetics Method 


First, the theory of the least-squares inverse kinetics method (LSIKM) [31—33] is 
briefly described. Assuming the zero-power and one-point kinetics model, the time- 
dependent neutron behavior of a subcritical reactor system driven by an external 
neutron source can be described as 


6 


N(t) + p» Xp Ce) +S, (2.51) 
k=1 


ам) р в 


p= 
dt A 
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dC 
a = P. No) № Cit), (2.52) 


where N(t) is the neutron density, C(t) the concentration of k-th-group precursor, 
and S the neutron source strength. Other notations are conventional. As the above 
neutron density, usually, time-sequence count-rate data can be employed to determine 
the reactivity p. The differential term of Eq. (2.51) is usually neglected to simplify 
the analysis. The assumption is applicable to the KUCA system. Consequently, the 
discrete form of Eq. (2.51) on time domain is described as 


AS 
Q (tj) + ———, (2.53) 


N(t;) = 
d 8—0 


В — 


6 
QU = J A Clt), (2.54) 


k=1 


where 1; is the jth discrete time. As the time-dependent neutron density N (t;), the time- 
sequence count data were employed. The time-dependent precursor density C(t;) 
of delayed neutrons can be obtained by solving numerically Eq. (2.52). In this study, 
the implicit time-integration method was employed to obtain the precursor density. 
When the time-sequence data N(t;) and Q(t;) are plotted on the x-y coordinate, two 
unknown constants, 1.е., the reactivity and the source strength, can be determined 
from the least-squares fitting of Eq. (2.53) to these data. By applying the LSIKM to 
beam trip data, Eq. (2.53) is reduced to 


A 


"es B—p 


О (tj), (2.55) 
where the source strength is set to zero. 

The delayed neutron data and prompt-neutron generation time of the present 
reactor system were generated using the SRAC code system [34], where a three- 
dimensional, 19-energy-group diffusion calculation was done with JENDL-3.2 
nuclear library [35]. 


2.3.2. Integral Count Technique 


The integral count technique has been frequently employed to determine the subcrit- 
icality from a source jerk experiment and a rod drop one [31, 36]. When a neutron 
source is rapidly taken out of a subcritical reactor core or a control rod is dropped 
into a critical core at t = 0, the reactivity of the core can be expressed as 


‘А NO 


Ak SO N(t) dt 


(2.56) 
k=1 
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The above expression is a familiar formula for the integral count technique. 

The technique is also applied to the present beam trip experiment. Prior to beam 
trip operation, the average count rate used as N(0) is measured using a conventional 
counting scaler. Then, the integral counts after the operation, which can be used as 
an integral appearing in the denominator of Eq. (2.56), are also measured using the 
scaler. 


2.3.3 Results and Discussion 


2.3.3.1 Time-Sequence Data 


Figure 2.22 shows the time-sequence N(f) and Q(t) data obtained from counter 
B4 in a beam trip experiment, where the control rod pattern is А and the beam is 
turned off at zero time. The time-sequence N (ft) data in this figure are indicated as 
instantaneous count rate at every 0.1 s. After the beam trip, N(f) and О(7) promptly 
decrease and then asymptotically tend to zero. The statistical fluctuation of Q(t) 
defined using Eq. (2.54) is slight, compared with that of N(t). This is because the 
delayed-neutron emission rate Q(t) is an integral quantity of N(t) over a passing 
time. The least-squares approximation fits a model function with minimum error on 
the y-axis assuming no error on the x-axis. Therefore, the time-sequence Q(t) and 
N(t) data should be assigned to x- and y-axis variables, respectively, for successful 
least-squares fitting on the x-y coordinate. 

Figure 2.23 shows the time-sequence N(f) and Q(t) data obtained from counter 
B4 in a beam restart experiment, where the control rod pattern is А and the beam is 
turned on at zero time. After the beam restart, N(f) and Q(t) promptly increase and 
then asymptotically tend to their individual constants. 


2.3.3.2 Least-Squares Fitting 


In Fig. 2.24, the above Q(t) and М(® data are plotted on the x-y coordinate, where 
the fitted lines are drawn by a straight line. Equations (2.55) and (2.53) were fitted to 
the data sets of Fig. 2.24a, b, respectively. The fitting is successful and the subcritical 
reactivity can be determined from the slope of the fitted line. 

Table 2.3 summarizes the reactivities obtained from the beam trip and restart 
experiments. As the errors of these results of the LSIKM, the statistical uncertain- 
ties that originated from the least-squares fit were employed, while the uncertainty 
of delayed-neutron yield В was not taken into account. The errors of the integral 
count technique were estimated from counting statistics. For comparison, the results 
obtained by a pulsed neutron experiment [11] are also shown in Table 2.4, where the 
subcriticality obtained by a conventional analysis technique has a significant counter- 
position dependence. This dependence is originated from a higher mode excited by 
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Fig. 2.22 Time-sequence М [c/s] 
data N (t) and Q(t) in a beam 
trip experiment (Ref. [28]) 
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a pulsed neutron source. The mask analysis technique was employed to reduce the 
dependence. 

Itis obvious from Table 2.3 that counter B 1 significantly overestimates the subcrit- 
icality. This feature is originated from a large amount of source neutrons traveling 
from the DT target. This is because the counter relatively close to the target counts 
much more the source neutrons during successive pulse injection, and then the source 
neutrons decay out with a larger decay constant after beam trip and more steeply 
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Fig. 2.23 Time-sequence 
data N(t) and Q(t) in a beam 
restart experiment (Ref. [28]) 
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increase after beam restart. The decay of fission neutrons contains information on 
the reactivity, while that of the source neutrons is free from such information. Gener- 
ally, the decay constant of the source-neutron mode free from the neutron-production 
process is larger than that of the prompt mode of the fission neutron [11]. In Fig. 2.25, 
the decay data of counter B1 are compared with those of B4 in a beam trip exper- 
iment, where the control rod pattern is C and the data is normalized in such a way 
that the average counts before the beam trip become one. This figure shows a larger 
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Fig. 2.24 Plot of variables N [c/s] 
and fitted line on 
x-y coordinate (Ref. [28]) 
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decay of B1 data just after the trip, as noted above. For an actual ADS, a neutron 
counter should be placed at a position far from a spallation target. Table 2.3 also 
shows that the results of the LSIKM for beam trip data are consistent with those of 
the integral count technique except for counter B1. 

As seen from Tables 2.3 and 2.4, the present subcriticality obtained using the 
counters other than B1 has a slight counter-position dependence compared with 
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Table 2.3 Reactivity obtained by beam trip and restart experiments [% Ak/k] (Ref. [28]) 


Rod Neutron Beam trip experiment Beam restart 
Pattern Counter LSIKM Integral Experiment* 
A Bl —0.283 + 0.010 —0.288 + 0.020 —0.340 + 0.034 
B2 —0.244 + 0.008 —0.232 + 0.012 —0.242 + 0.025 
B3 —0.244 + 0.009 —0.233 + 0.016 —0.241 + 0.028 
B4 —0.241 + 0.008 —0.232 + 0.012 —0.239 + 0.026 
B Bl —1.293 + 0.018 —1.115 + 0.054 —1.278 + 0.083 
B2 —0.641 + 0.008 —0.617 + 0.026 —0.632 + 0.035 
B3 —0.631 + 0.009 —0.612 + 0.034 —0.625 + 0.042 
B4 —0.617 + 0.008 —0.599 + 0.026 —0.593 + 0.033 
C ВІ —5.082 + 0.094 —4.065 + 0.256 —2.698 + 0.423 
B2 — 1.599 + 0.025 —1.513 + 0.092 — 1.460 + 0.165 
B3 — 1.555 + 0.033 —1.501 + 0.120 —1.447 + 0.201 
B4 —1.504 + 0.027 —1.431 + 0.084 —1.355 + 0.171 
ЗІ ЗІКМ applied 
Table 24 Reactivity Rod Neutron  |Pulsed neutron experiment 
obtained by pulsed neutron 
experiments [% К/К] (Ref. Pattern | Counter | Conventional Mask technique 
[28] A ВІ - 16.05 + 0.68 —0.236 + 0.039 
B2 —0.299 + 0.042 | —0.223 + 0.038 
B3 —0.153 = 0.036 | —0.227 + 0.039 
B4 —0.043 + 0.036 | —0.245 + 0.039 
B Bl —16.25 + 0.69 —0.644 + 0.055 
B2 —0.872 = 0.065 | —0.642 + 0.054 
B3 —0.622 + 0.053 | —0.658 + 0.055 
B4 —0.359 + 0.049 | —0.668 + 0.055 
C ВІ - 18.09 + 0.73 —1.616 + 0.092 
B2 —2.342 + 0.126 | —1.554 + 0.089 
B3 —1.497 = 0.087 | —1.572 = 0.090 
B4 —0.952 = 0.075 |-1.565 + 0.089 


those obtained in a conventional pulsed neutron experiment and agrees with the result 
of the pulsed neutron experiment based on the mask analysis within experimental 
errors. Here, we note a further observation from this table, which is a larger error of 
the beam restart experiment than that of the beam trip one. From the least-squares 
fiting of Eq. (2.55) to beam trip data, only the reactivity is determined. From the 
fitting of Eq. (2.53) to beam restart data, however, not only is the reactivity but also 
the source strength is simultaneously determined. The additional unknown constant 
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Fig. 2.25 Difference in Normalized M(t) 
decay data between counters 1 
В1 and B4 (Ref. [28]) 
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to be inferred is responsible for the larger error of the beam restart experiment. 
For the smaller error, the trip experiment is advantageous. Nevertheless, the restart 
experiment is useful for the simultaneous determination of both the reactivity and 
source strength. 


2.4 Conclusion 


We derived the Feynman-a and the Rossi-o formulae applicable to the respective 
correlation data analyses for a pulsed non-Poisson neutron source. These formulae 
were applied to the Feynman-a and the Rossi-a analyses for a subcritical system 
driven by a pulsed spallation source in KUCA. The prompt-neutron decay constant 
determined from the present Feynman-a analysis well agreed with that done from 
а previous analysis for the same subcritical system driven by an inherent neutron 
source. However, the decay constant determined from the present Rossi-o analysis 
was in poor agreement with that done from the above previous analysis. When the 
data around the convex top were masked for least-squares fitting of the present 
Rossi- When the data around the convex top of the counting probability distri- 
bution were masked for least-squares fitting of the present Rossi-a formula, the 
disagreement could be successfully resolved. formula, the disagreement could be 
successfully resolved. When the respective prompt-neutron correlation amplitudes 
determined from the present Feynman-a and Rossi-a analyses were compared with 
those done from the previous analyses under the Poisson inherent source, the non- 
Poisson spallation source definitely enhanced the respective correlation amplitudes. 
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The Degweker’s factor (то — m?)/m? of 0.067 + 0.011, which is a quantitative indi- 
cation of the non-Poisson character, could be determined from the present Rossi-a 
analysis. 

The power spectral analysis on frequency domain was conducted in the same A- 
core as the above Feynman-a and Rossi-a analyses. Not only the cross-power but also 
the auto-power spectral density had a considerable correlated noise component even 
at a deeply subcritical state, where no correlated component could be observed under 
a pulsed DT(14 MeV) neutron source. The non-Poisson character of the spallation 
source must enhance the correlation amplitude of these power spectral densities. The 
Degweker’s factor of 0.082 + 0.021 could be determined from the present analysis 
and was consistent with that obtained by the above Rossi-o analysis. 

An experimental technique based on accelerator-beam trip and restart operation 
was proposed to determine the subcritical reactivity of ADS. A series of these exper- 
iments was performed in a subcritical thermal core of KUCA. The results demon- 
strated the applicability of the proposed technique to the thermal ADS of KUCA. 
We expect the proposed technique to be applied for an actual ADS in start-up or 
shut-down operation. 
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Chapter 3 A) 
Reactor Kinetics Che for 


Cheol Ho Pyeon 


Abstract In static and kinetic experimental analyses, the reactivity effect of intro- 
ducing a neutron guide has been examined with various materials and adjustments of 
the beam window. With the objective of improving the KUCA core characteristics, 
the implementation of the neutron guide is predicted to increase the fast neutrons in 
directing the fuel region. With regard to the kinetic characteristics, the subcriticality 
and the prompt neutron decay constant are monitored for several core configurations 
and detector positions. The KUCA core is equipped to make locally a hard spec- 
trum core region with the combined use of 2350 fuel, a polyethylene moderator, and 
а Pb-Bi reflector for criticality. In this study, the first attempt is made to examine 
experimentally the characteristics of kinetics parameters in ADS comprised of 230- 
fueled and Pb—Bi-zoned core, and spallation neutrons generated by an injection of 
100 MeV protons onto the solid Pb-Bi target. Online monitoring of reactivity has 
been deduced in real time by the inverse kinetic method on the basis of the one-point 
kinetic equation with measured neutron signals in the core. Here, measurements by 
the one-point kinetic equation are validated through the subcriticality evaluation with 
the PNS histogram and the methodology by the inhour equation. 


Keywords a-fitting method - Pulsed-neuron source method - Inverse kinetic 
method • Kalman filter method 


31 c-Fitting Method 


3.1.1 Experimental Settings 


3.1.11 Core Configurations 


For safety reasons particular to KUCA, the tritium target is located not at the center 
of the core but at a peripheral position in the critical assembly. This location is very 
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different from the current design of ADS where a target is located at the center 
of the core for effective utilization of the generated neutrons. Consequently, the 
introduction of a neutron guide is requisite for effectively directing the high-energy 
neutrons generated from the tritium target to the center of the core for experiments on 
ADS with 14 MeV neutrons. The neutron guide, which is very similar to the neutron 
shield and the beam duct [1, 2], is composed of several shielding materials, including 
iron, boron, polyethylene, the beam duct, and a special fuel assembly with a void. 

Five major core settings are presented here: a core without the neutron guide 
(Fig. 3.1a; Reference core: Case 1); a core including only streaming void (SV) in 
the fuel region (Fig. 3.1b; SV core: Case 2); and three cores with the neutron guide 
including SV (Fig. 3.1c-f; neutron-guided core with beam window: Cases 3, 4, 5, 
and 6, respectively). Numerals 12, 20, 22, 26, and 24 correspond to fuel plates in the 
partial assembly/ies used to reach criticality (Fig. 3.1a-f, respectively). 

Each fuel assembly was set in a 2.1" x 2.1" and 1.5 mm thick aluminum (AI) 
sheath; the cross section of the elements within the assembly was 2" x 2". The 
fuel assemblies constituting the core are reproduced in Fig. 3.2. The standard fuel 
assembly shown (F; Fig. 3.2a) was composed of 36 unit cells of 1/16" thick and a 93 
wt% enriched uranium plate with Al clad and two (1/8" and 1/4") thick polyethylene 
plates. The active height of the core was about 16", with additional about 23" and 
21" upper and lower polyethylene reflectors, respectively. Case 1 (Fig. 3.1a) was 
composed of 20 regular fuel assemblies and one partial fuel assembly of 12 fuel unit 
cells. In Cases 2-6 (Fig. 3.1Һ-, respectively), the fuel region consisted of 18 regular 
fuel assemblies, SV assembly composed of one 5.08 x 5.08 x 5.08 cm center void 
(Fig. 3.2b), 32 fuel unit cells, and two partial fuel assemblies. Details of the partial 
fuel assembly of (14, M and 16, M) used for Case 5 are presented in Fig. 3.2e. The 
active part was centered with the rest of the core using an AI cell identical to the fuel 
cell but with Al replacing the fuel plates. 

The purpose of the neutron guide was to reproduce the conditions of a high- 
energy neutron beam entering the fuel region from an isotropic source. Thus, the 
role of the SV assemblies was to direct the highest possible number of the high- 
energy neutrons generated in the target to the center of the fuel region, in order to 
improve neutron multiplication. Moreover, to reproduce a high-energy source, it was 
necessary to reduce the thermal component of the external neutron source, i.e., the 
neutrons were moderated before they reached the fuel region. This was achieved 
by shielding unnecessary fast neutrons and by capturing parasite thermal neutrons. 
For deflecting unnecessary fast neutrons, the close vicinity in front of the target 
included an ion block around the guide void to shield the fast neutrons by inelastic 
scattering. For capturing parasite thermal neutrons, polyethylene blocks containing 
10 wt% boron around the guide void were included around the Fe shielding near 
the target and in the two rows next to the assemblies. The rest of the neutron guide 
consisted of polyethylene assemblies and one void space. The detailed composition 
of the neutron guide was presented in Ref. [1]. 

14 MeV neutrons were produced with a yield of about 8 x 10857! from the tritium 
target in pulsed mode. The duty ratio and the duration of irradiation were adjusted 
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Fig. 3.1 ADS core configurations with 14 MeV neutrons shown in Table 3.1(Ref. [2]) 
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Fig. 3.1 (continued) 
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Fig. 3.2 Fuel assemblies (Ref. [2]) 
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depending on the subcriticality and the requisite measurements. The duty ratio was 
limited to 1% as a design limit. 


3.1.1.2. Kinetics Parameters 


The principle of the optical fiber neutron detector [3, 4] is to have neutrons interact 
with a neutron converter material. The reaction product can then produce photons in a 
scintillating material which is extracted through a plastic optical fiber, multiplied into 
a photo-multiplier, and converted to electrical signals. In the present experiments, 
detectors were formed by a mixture of lithium-6 (Li) enriched LiF and ZnS(Ag) 
scintillator pasted at the tip of 1 mm diameter plastic optical fiber. Li was selected 
for its large 6Li(n, t)*He cross sections for thermal neutrons. 

The main advantages of the optical fiber neutron detector are not only its relative 
simplicity and low building cost, but also its very small size, which allows it to be used 
in small cores such as those in KUCA with negligible perturbation. The drawbacks 
include low sensibility because of a very small quantity of reacting material and the 
treatment of the signal required to remove as much as possible of the noise from 
y-ray interferences without losing too much of the valuable signal. A schema of 
the detection settings and size references is shown in Fig. 3.3. Levels of the thermal 
neutron flux in the measurements were between 10° and 104 s~! cm~?, for the duration 
of irradiation in hours. 

To provide information on detector position dependency of the measurements, 
each core was set with three detectors: Fiber #1 in the fuel region, Fiber #2 in the 
boundary region between the standard and partial fuel assemblies, and Fiber #3 in 
the neutron guide region (Fig. 3.4). Moreover, another fiber with a ТҺО» scintillator 
being fission reactive to the high-energy neutrons was used as a monitor of source 
intensity of 14 MeV neutrons. The quantity of neutron converter and scintillating 
material, in the order of milligram, cannot be made identical for all detectors and, 
thus, precludes making an absolute comparison between count rates. 


Fig. 3.3 Schema of an 
optical fiber detection system 
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Fig. 3.4 Top view of the configuration of A-core kinetic experiments shown in Table 3.1 (Ref. [2]) 
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Fig. 3.5 Comparison of 
measured and calculated 
prompt neutron decay 
constants (Ref. [2]) 
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Using prompt neutron performance (Fig. 3.5), the prompt neutron decay constant 
was deduced by the least-square fitting of the time distribution of the reaction rates to 
an exponential function over the time optimal duration. Subcriticality was deduced 
from the prompt neutron decay constant by the extrapolated area ratio method [5]. For 
normalization and comparison between experimental integral results, the duration of 
irradiation and the duty ratio of the beam were used. 


3.1.2 Numerical Simulations 


The numerical calculations were executed with the Monte Carlo multi-particle trans- 
port code, MCNP-4C3 [6]. The effect on neutronic parameters resulting from the 
difference between nuclear data libraries was evaluated by considering JENDL-3.3 
[7] and ENDF/B-VI.2 [8] for transport. Dosimetry files JENDL-3.1 [9] and ENDF/B- 
V were used for reaction rate calculation, regardless of the library used for transport. 
The source was represented by a 14 MeV neutron punctual isotropic source. Since 
the effects of their reactivity are not negligible, the irradiation samples and the In 
wire were included in the simulated geometry and transport calculation; reaction rates 
were deduced from tallies taken in a similar way as in the static experiments. Although 
better in the core region, an overall statistical error of 596 was retained in the reaction 
rate in the presented results. The results of eigenvalue calculations were obtained 
after 2,000 active cycles of 10,000 histories each. The deduced subcriticalities have 
statistical errors of 0.02 %Ak/k. 

Kinetics calculations were conducted using MCNP-4C3 with JENDL-3.3. Since 
such calculations are known to have a tendency to overestimate effective multipli- 
cation factors, reactivity adjustment was taken into consideration before conducting 
source calculations: the density of the fuel was artificially reduced by 5%. This 
adjustment was estimated in the reflected core such that a critical state calculation 
gives a Кен equivalent to 1 (in effect 0.99985 + 0.00025). 
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For the kinetics calculations, time tallies were taken at the equivalent detector 
position, without the actual inclusion of the detector in the calculation geometry. 
The following is an alternative for the preceding highlighted part: Point detectors 
with a sphere of exclusion 1 mm in diameter, as well as a flux tally in a 5 cm long 
and 1 mm in diameter cylindrical volume, were centered at the detector position for 
estimating the validity of the use of the point detector tally and the optimization of 
calculation time. 


3.1.3 Results and Discussion 


3.1.3.1  Subcriticality 


Positions of the control and safety rods in Cores 1—9 are shown in Table 3.1. The 
results of measured and calculated subcriticalities are presented in Table 3.2. A 
comparison of the experiments and the calculations demonstrates the ability of 
MCNP calculations to reproduce subcriticality levels within 10% C/E. The simul- 
taneous changes in the irradiation samples, the fuel mass, and the core geometry 
limit precise conclusions on possible influences on the precision of calculations. 
The apparent better C/E values for ENDF/B-VI.2 are not conclusive when a 596 
relative experimental error is taken into account. Namely, in Cases 1 and 3, there 
was found to be a discrepancy of about 10% error between two libraries, due to 
no irradiation sample in (15, K; Fig. 3.1c) and a large size window in front of fuel 


Table 3.1 Control and safety rod positions іп Cores 1—9 (dimension іп mm) (Ref. [2]) 


Core Case СІ C2 C3 S4 S5 S6 
1 1 0.00 0.00 0.00 1200.00 1200.00 1200.00 
2 2 0.00 0.00 0.00 1200.00 1200.00 1200.00 
3 3 0.00 0.00 0.00 1200.00 1200.00 1200.00 
4 4 0.00 0.00 0.00 1200.00 1200.00 1200.00 
5 3 0.00 0.00 0.00 1200.00 1200.00 1200.00 
6 10 0.00 0.00 0.00 1200.00 1200.00 1200.00 
11 0.00 0.00 0.00 0.00 0.00 0.00 
7 12 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 
13 0.00 0.00 0.00 1200.00 1200.00 1200.00 
14 0.00 0.00 0.00 0.00 0.00 0.00 
8 15 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 
16 0.00 0.00 0.00 1200.00 1200.00 1200.00 
17 0.00 0.00 0.00 0.00 0.00 0.00 
9 18 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 


0.00: Lower limit (Full insertion), 1200.00: Upper limit (Full withdrawal) 


60 C. H. Pyeon 


Table 3.2 Comparison of measured and calculated subcriticalities (Ref. [2]) 


Case | Experiment (%Ak/k) | JENDL-3.3 (%Ak/k) | С/Е | ENDF/B-VI.2 (%Ak/k) | C/E 
1 0.79 + 0.06 0.75 + 0.02 0.95 | 0.82 + 0.02 1.04 
2 0.68 + 0.05 0.68 + 0.02 1.01 | 0.67 = 0.02 0.99 
3 0.89 + 0.06 0.98 + 0.02 1.09 | 0.91 + 0.02 1.02 
4 0.70 + 0.05 0.76 + 0.02 1.09 | 0.73 = 0.02 1.04 
5 1.76 + 0.12 1.71 + 0.02 0.97 |1.72 + 0.02 0.97 


Table 3.3 Comparison of measured subcriticalities obtained by the source multiplication method 
and calculated subcriticalities by MCNP (Ref. [2]) 


Case | Experiment (%Ak/k) | JENDL-3.3 (%Ak/k) | CIE | ENDE/B-VI.2 (%Ak/k) | C/E 
11 0.72 + 0.05 0.69 + 0.02 0.96 | 0.69 + 0.02 0.97 
12 2.72 + 0.19 2.88 + 0.02 1.06 | 2.88 + 0.02 1.06 
15 5.96 + 0.42 6.44 + 0.02 1.08 | 6.50 = 0.02 1.09 
18 8.66 + 0.61 10.46 + 0.02 1.21 |10.54 + 0.02 1.22 


region, respectively. Nonetheless, the results agree with the validation of subcriti- 
cality measurement techniques by the rod drop and the positive period methods for 
such cores down to about 2 96 AK/k. 

Measurements by the source multiplication method (Table 3.3) show the results 
of subcriticalities in the experiments and the calculations for the neutron-guided core 
(Fig. 3.1f) with zero to three extracted SV assemblies. The measured subcriticali- 
ties were obtained by the source multiplication method down to about 9 %AK/k. 
Nonetheless, a reliable relative discrepancy within 1096 C/E between experiments 
and calculations was confirmed only down to 6 %Ak/k. Therefore, as a measurement 
methodology for the KUCA core with the neutron guide, this source multiplication 
method proved convenient and complementary to the rod drop and the calibration 
curve methods and reliable on a relatively large subcriticality range of up to 6% АК/К. 


3.1.3.2 Kinetic Parameters 


Adjustment of the fuel density in the calculation was first considered for the neutron- 
guided core, leading to a correcting factor of 596. Only for cases of very small reac- 
tivity did the relative difference appear within the order of calculation precision. For 
consistency, the following results are those obtained by applying the same correction 
of 596 to all calculations. 

A representative selection of the calculation results of the subcriticalities is shown 
in Table 3.4 with the C/E values for each detector. Although better for small subcrit- 
icality, an overall 10% in relative error was taken into account for a comparison of 
the subcriticalities. For a comparison between the detectors, remarkably Fiber #1 
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Table3.4 Comparison of measured subcriticalities obtained by the area ratio method and calculated 
subcriticalities by MCNP (JENDL-3.3) (Ref. [2]) 


Case | MCNP Fiber #1 C/E |Fiber #2 C/E |Fiber #3 C/E 
(% Ak/k) (96 Ak/k) (96 AKIK) (% Ak/k) 
10 0.97 + 0.03 0.99 = 0.01 | 0.98 0.96 + 0.01 | 1.01 0.99 + 0.01 | 1.03 
11 1.83 + 0.03 1.88 = 0.02 |0.97 2.15 = 0.02 |0.85 1.78 = 0.02 | 1.03 
12 2.55 + 0.03 2.55 = 0.03 | 1.00 3.12 = 0.03 | 0.82 2.42 + 0.02 | 1.05 
13 3.45 = 0.03 3.40 = 0.03 | 1.02 3.25 + 0.03 | 1.06 3.63 + 0.04 | 0.95 
14 4.15 + 0.03 4.49 + 0.04 | 0.93 4.00 + 0.04 | 1.04 4.60 = 0.05 | 0.90 
15 6.24 + 0.03 5.89 = 0.06 |1.06 6.54 = 0.07 |0.95 6.87 = 0.07 | 0.91 
16 6.76 = 0.03 6.59 = 0.07 | 1.03 | 10.01 = 0.10 | 0.67 7.56 + 0.08 | 0.89 
17 7.41 = 0.03 7.55 = 0.08 |0.98 8.18 = 0.08 0.91 8.64 + 0.09 | 0.86 
18 10.38 + 0.03 | 10.24 +0.10 |101 | 12.28 = 0.12 | 0.85 | 11.93 + 0.12 | 0.87 


appeared little affected by the increase in the subcriticality, with the discrepancy 
being within 796 even for the largest subcriticality, while Fibers #2 and #3 reached 
about 3096. This tendency can be clearly seen in Fig. 3.6. 

The results allowed some estimation of the relative effects among the various 
parameters suspected to influence the measurement of the subcriticality by the 
neutron pulsed technique and the prompt neutron decay constant. Although the same 
value of the delayed neutron fraction was used for the area ratio method (Table 3.5), 
the results from Fiber #2 allowed the evaluation of the variation in the delayed 
neutron fraction to be in the smallest order of the uncertainty over the subcriticality. 
The measurements from Fiber #2 (Fig. 3.7), although underestimating the subcriti- 
cality (Fig. 3.6), tended to give a relatively good evaluation of the prompt neutron 
decay constant compared with those from Fiber #3. Fiber #1, however, gave a marked 
underestimation of the prompt neutron decay constant of less than 7%. Finally, Fiber 
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Table 3.5 Comparisonof сае ‘| Fiber #1 Fiber #2 Fiber #3 

C/E values in measured and 

calculated neutron decay 10 1.02 + 0.02 1.12 + 0.03 1.07 + 0.02 

constants (Ref. [2]) 11 1.16 + 0.02 1.11 + 0.03 1.18 + 0.03 
12 1.05 + 0.02 1.07 + 0.03 1.09 + 0.02 
13 1.04 + 0.03 1.07 + 0.04 1.12 + 0.04 
14 1.07 + 0.03 1.04 + 0.04 1.14 + 0.04 
15 1.16 + 0.03 1.18 + 0.05 1.21 = 0.04 
16 1.11 = 0.04 1.03 + 0.05 1.06 + 0.04 
17 0.88 + 0.03 0.96 + 0.05 0.83 + 0.03 
18 1.13 + 0.03 1.06 + 0.03 1.12 + 0.03 

Fig. 3.7 Measured and 2000.0 p+ 

calculated results of neutron ЕГФ Fiber #1 

decay constants in KUCA © Fiber #2 


kinetic experiments (Ref. 


[2]) 


1500.0 Е A Fiber #3 


a (1/ѕес) 


1000.0 F 


Measured neutron decay constant 


500.0 F 


Calculated neutron decay constant o (1/sec) 


#2 showed a good evaluation of the prompt neutron decay constant, considering the 
detector position dependency of prompt neutron decay constant measurements. 


3.2 Pulsed-Neutron Source Method 


3.2.1 Experimental Settings 


3.2.1.1 Core Configurations 


The ADS experiments with 100 MeV protons (Pb-Bi target) were carried out in the A- 
core (Fig. A2.11) [10] comprising a highly-enriched uranium (HEU) fuel, a polyethy- 
lene moderator, and Pb-Bi reflector rods. The fuel assembly “Е” (3/8"p36EU) is 
composed of 36 unit cells, and upper and lower polyethylene blocks are about 25" 
and 20" long, respectively, in an aluminum (А1) sheath 2.1" x 2.1" x 60", as shown 
in Fig. A2.12. A special fuel assembly "f" (1/8" p5EUEU «1/8"Pb-Bi30EUEU- 


3 Reactor Kinetics 63 


1/8"p15EUEU) shown іп Fig. 24.13 is composed of a total of 60 unit cells: 30 
unit cells with HEU plate 1/8" thick and Pb-Bi plate 3.426 mm thick, and 30 unit 
cells with HEU plate 1/8" thick and a polyethylene plate 1/8" thick. As shown in 
Fig. 24.14, numeral 16" (3/8"p16EU) corresponds to the number of fuel plates in 
the partial fuel assembly used for reaching critical mass. The neutron spectra were 
numerically obtained by the MCNP calculations, when 100 MeV protons are injected 
onto the Pb-Bi target, as shown in Fig. 3.8a, b. 

Subcriticality was attained by full insertion of control and safety rods, and the 
substitution of fuel assemblies for polyethylene ones, as shown in Table 2A.13 and 
Fig. 2A.16: an insertion (Cases II-1, П-2, and П-3 ranged between 1160 and 2483 
pcm in subcriticality) of control and safety rods, and the substitution (Cases II-4, П-5, 
and П-6 ranged between 4812 and 11556 pcm) of fuel assemblies for polyethylene 
moderators. In Cases II-1, П-2, and П-3, the subcriticality was deduced experimen- 
tally with the combination of the worth of control (СІ, C2, and C3) and safety (54, S5, 
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and S6) rods by the rod drop method and its calibration curve by the positive period 
method. Furthermore, in Cases II-4, II-5, and II-6, the subcriticality was numerically 
obtained by the MCNP6.1 [11] code with the JENDL-4.0 [12] library, because the 
reactivities of control and safety rods were varied by the substitution of fuel assembly 
rods for polyethylene ones. 

The Pb-Bi target was located inside the core at the location (15, L) shown in 
Fig. 2A.11 on the basis of the characteristics of the location of the target outside the 
core, as discussed in the previous study [13]. Note that the location of the original 
target is not easily moved to the center of the core, because control and safety rods are 
fixed in the core to function as the control driving system at KUCA. The Pb-Bi target 
was 50 mm in diameter and 18 mm thick. The main characteristics of proton beams 
were 100 MeV energy, 0.7 nA intensity, 40 mm beam spot, 20 Hz beam repetition, 
100 ns beam width, and 1.0 x 10? s^! neutron yield. 


3.2.1.2 Measurements 


During the injection of 100 MeV protons onto the Pb-Bi target located at (15, L) 
shown in Fig. A2.11, the time evolution of prompt and delayed neutron behavior was 
examined by the optical fiber detectors [14] set at three locations: Fiber #1 at (12-11, 
Т-К) in Fig. A2.16 between the polyethylene moderator rods, Fiber #2 at (14-13, 
P-O) in Fig. A2.16 outside, and Fiber #3 at (15-14, O-M) inside the 235U.fueled and 
Pb-Bi-zoned core. The optical fiber was shaped with a mixture of lithium-6-enriched 
LiF and ZnS (Ag) scintillator pasted at its 1 mm diameter tip. 

From the results of neutron signals shown in Fig. 3.9, prompt neutron decay 
constant œ was deduced from the exponential function fitting of the PNS measure- 
ments in the region of prompt neutron behavior as follows: 


М = Cpys · exp(—at) + Врмѕ, (3.1) 


where N indicates the counting rate of the neutron signal, and Cpns and Вру the 
constant values obtained by the least-squares fitting. Additionally, subcriticality os 
in dollar units was deduced by the PNS method, on the basis of the following theo- 
retical background: in the area ratio method [15], subcriticality ps in dollar units 
was determined by the ratio of two prompt and delayed components in the decay of 
neutron density as follows: 


Вен Au 


ps (3.2) 


where p indicates the subcriticality in pcm units, Век the effective delayed neutron 
fraction, A, the area of the decay curve by prompt neutrons, and Ад the area of 
delayed neutrons. For reducing the spatial higher mode components of neutron 
flux, the extrapolated area ratio method [5] was introduced into the measurement 
of subcriticality as follows: 
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Fig.3.9 Time evolution by 
the PNS method (Ref. [10]) 
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where Т indicates the measurement time, and г, the waiting time for reducing the 
higher mode components of neutron flux. 

Another approach to the o value was attempted by the Feynman-a method [16] 
with the use of neutron noise data shown in Fig. 3.10. The a value was deduced 
from the least-squares fitting for the Y value with gate width f,, on the basis of 
the theoretical background by taking delayed neutron effects into account [17], as 


follows: 
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Fig. 3.10 Neutron noise 
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where Сое and Boise indicate the constant values obtained from the noise data, and 
W and То the pulsed width as a fitting parameter and the pulsed frequency obtained 
from proton beam characteristics (20 Hz), respectively. In Eq. (3.4), the maximum 
value of n of the second term was set as 1000 leaving a margin from the saturation 
of the fitting results by setting about 300 in the maximum value. Moreover, the o 
value of the second term in Eq. (3.4) was acquired as the fitting parameter from 
experimental noise data by the Feynman-a method. 
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Table 3.6 Comparison between measured and calculated (MCNP6.1 with JENDL-4.0) reactivities 
[pem] of excess and control rods (C1, C2, and C3) (Ref. [10]) 


Reactivity Calculation Experiment C/E* 

Excess 149+ 11 149 + 3 1.00 + 0.08 
СІ 567 + 11 549 + 3 1.03 + 0.02 
С2 189 + 11 194 + 1 0.98 + 0.06 
C3 498 + 11 483 + 2 1.03 + 0.02 


*Calculation/Experiment 


3.2.1.3 Numerical Simulations 


Numerical calculations were performed by the Monte Carlo transport code, 
MCNPS.1 together with JENDL-4.0 for transport and with JENDL/HE-2007 [18] 
for high-energy protons and spallation neutrons. Here, in MCNP6.1, since the effects 
of reactivity by neutron detectors (optical fiber, FC, and UIC detectors) and control 
(safety) rods are not negligible, neutron detectors and control (safety) rods were 
included in the simulated geometry and transport calculations. The precision of 
numerical reactivities of excess and control rods (C1, C2, and C3) in pem units was 
attained by the eigenvalue calculations within a relative difference of 3% between 
the experiment and the calculation, as shown in Table 3.6, with a total number of 
1 x 108 histories and a statistical error of less than 5 pcm. Note that the relative 
difference of 3% in C/E values was attributable to numerical reactivity by MCNP 
with 20 pcm at most in the KUCA core. 


3.2.2 Results and Discussion 


3.2.21 Kinetics Parameters 


The prompt neutron decay constant was attained by the PNS and the Feynman-a 
methods shown in Eqs. (3.1) and (3.2), respectively, with the use of neutron signals 
obtained from the three optical fibers at the locations in the core shown in Fig. 2A.11. 
As shown in Table 3.7, well-known findings were observed with a small difference 
between the results of Fibers #1 and #2, from the viewpoint of three issues: the 
neutron spectrum (Figs. 4.5a, b) and the subcriticality measurement methods (PNS 
and Feynman-a methods), on the subcriticality ranging between 1160 and 2483 
pem (Cases II-1 to II-3). A small difference between Fibers #1 and #2 was found 
in the measurements, because one-point reactor approximation is assumed to be 
valid in the shallow level of subcriticality. Conversely, on the subcriticality ranging 
between 4812 and 11556 pcm (Cases II-4 to II-6), a notable difference was observed 
in the experimental results between two methods, although the detector position 
dependency and neutron spectrum were small on the prompt neutron decay constant, 
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Table 3.7 Measured prompt neutron decay constants a [5—1] in Cases II-1 to П-6 (Ref. [10]) 


PNS method Feynman-a method 

Case Fiber #1 Fiber #2 Fiber #3 Fiber #1 Fiber #2 Fiber #3 
П-1 398 +3 327 +3 495 + 10 4019 367 t6 554 + 17 
П-2 507 + 3 453 + 3 685 + 11 498 + 5 464 + 4 700 + 7 
П-3 673 + 4 632 + 2 1020 + 655 + 2 620 + 2 877+ 5 
П-4 983 + 4 971 +3 1378 + 18 815 =6 822 =5 1029 + 12 
II-5 1665 + 9 1681 + 5 1828 + 23 1365 + 9 1400 +7 1669 + 17 
II-6 1911 £7 193143 2061 + 38 1556 + 13 1636 + 10 1917 + 22 


as compared with Fibers #1 and #2. For Fiber #3, a strong influence of spallation 
neutrons at the location of the Pb-Bi target was observed in the results of the prompt 
neutron decay constant by both PNS and Feynman-a methods, as compared with 
those of Fibers #1 and #2. 

Subcriticality in dollar units was deduced experimentally by the extrapolated area 
ratio method with the use of prompt and delayed neutron components and by the о- 
fitting method [19] with the a value (the Feynman-a method). Nonetheless, attention 
was paid to the conversion coefficient Ber of subcriticality in dollar units to one in 
pem units, where Вен was obtained by MCNP6.1 with JENDL-4.0 in each subcritical 
state of the core shown in Fig. 2A.16. 

As shown in Table 3.8, the measured subcriticality by the PNS and the Feynman- 
a methods showed good agreement with the calculated one, with an error around 
10% in the C/E (calculation/experiment) value, in the subcriticality ranging between 
1160 and 2483 pcm, at the locations of Fiber #2. Additionally, in a comparison 
between Fibers #1 and #2, the detector position dependency by both the PNS and 
the Feynman-a methods was found to be attributable to placing the fiber detectors at 
different locations. At the locations of Fibers #1 and #2, with subcriticality ranging 
between 4812 and 11556 pcm, the deeper the subcriticality, the less accurate were the 
experimental results of measurements by both the PNS and the Feynman-a methods. 
The reason for this tendency was considered to be the effect of spallation neutrons on 
the neutron flux becoming greater with the deep subcriticality. As a consequence, the 
discrepancy between the experiments and the calculations is identified as the limita- 
tion of the applicability of the measurement method to a deep subcriticality level of 
over or about 10000 pcm. For Fiber #3, a large influence on spallation neutrons, as 
well as on the measurements of prompt neutron decay constant, was observed with 
the two measurement methods, although the Feynman-a method showed very good 
agreement in Cases П-5 and П-6. Neutron noise data are assumed to be dominant 
over the Poisson distribution, demonstrating that the effect of spallation neutrons 
becomes stronger with the deep subcriticality. In the case of the deep subcriticality, 
kinetic parameters of p and A shown in Tables 3.8 and 3.9, respectively, were numeri- 
cally obtained by the MCNP eigenvalue calculations. Subsequently, values of kinetic 
parameters should be exactly acquired by the time-dependent MCNP calculations 
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Table3.8 Comparison between subcriticality р [pcm] of reference, PNS, and Feynman-a methods 


(Ref. [10]) 
PNS method 
Case Fiber #1 Fiber #2 Fiber #3 
II-1 1224 + 10 1153 + 8 2108 = 59 
(0.95 = 0.01) (1.01 = 0.01) (0.55 0.02) 
П-2 1880 + 15 1604 + 11 4490 + 109 
(0.90 + 0.01) (1.05 + 0.01) (0.38 + 0.01) 
П-3 2824 + 22 2250 + 15 10347 + 116 
(0.88 + 0.01) (1.10 + 0.01) (0.24 + 0.01) 
П-4 5656 + 62 4177 + 31 22939 + 1279 
(0.85 + 0.01) (1.15 + 0.01) (0.21 + 0.01) 
П-5 12819 + 137 8187 + 54 14985 + 1136 
(0.77 + 0.01) (1.21 + 0.01) (0.66 + 0.05) 
П-6 16312 + 160 9738 + 64 19109 + 2563 
(0.71 + 0.01) (1.19 + 0.01) (0.60 + 0.08) 
Feynman-a method 
Case Fiber #1 Fiber #2 Fiber #3 
П-1 1491 + 57 1283 + 36 2445 + 105 
(0.87 + 0.03) (0.90 + 0.03) (0.47 + 0.02) 
П-2 2024 + 28 1814 + 24 3250 + 41 
(0.83 + 0.01) (0.93 + 0.01) (0.52 + 0.01) 
П-3 2881 + 15 2677 + 11 4203 + 29 
(0.86 + 0.01) (0.93 + 0.01) (0.59 + 0.01) 
П-4 4336 + 38 4384 + 35 5740 + 77 
(1.11 + 0.01) (1.10 + 0.01) (0.84 + 0.01) 
II-5 8087 + 61 8316 + 50 10110 + 113 
(1.22 + 0.01) (1.19 + 0.01) (0.98 + 0.01) 
П-6 9633 + 88 10175 + 68 12096 + 150 
(1.20 + 0.01) (1.14 + 0.01) (0.96 + 0.01) 


Bracket means the C/E (calculation/experiment) value 


Table 3.9 Comparison between pg [$], Вен [pcm], and A [x 10-5 s] by the PNS method and 


MCNP calculations (Ref. [10]) 


ps [$] Bert [pem] A [x 107? s] 
Case Fiber #2 (PNS) MCNPS6.1 MCNP6.1 Fiber #2 (PNS) 
П-1 1.47 + 0.01 785 + 4 4.88 + 0.01 5.93 + 0.08 
П-2 2.04 + 0.01 785 + 4 4.77 + 0.01 5.28 + 0.09 
II-3 2.87 + 0.01 783 + 5 4.64 + 0.01 4.80 + 0.05 
П-4 5.30 + 0.02 788 + 5 5.16 + 0.01 5.11 + 0.06 
II-5 10.03 + 0.03 816+ 5 5.43 + 0.01 5.53 + 0.05 
II-6 12.08 + 0.03 806 + 5 5.50 + 0.01 5.46 + 0.05 
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in the previous study [20], to get a better understanding of the time behavior of the 
kinetic parameters. 

Furthermore, most of the C/E values demonstrated a notably greater tendency 
of the calculation results to the deep subcriticality attributable to the effect of the 
spallation neutrons on neutron flux, whereas the value of Fiber #1 by the PNS method 
showed a decreasing tendency. 


3.2.2.2 Evaluation of Вгғ/А 


For the a-fitting method, prompt neutron decay constant o is easily deduced by 
combining subcriticality р in pcm units, effective delayed neutron fraction Ве, and 
neutron generation time A as follows: 


Bett — р 
A 


; (3.5) 


Using the relationship between p and ps in pcm and dollar units shown in Eq. (3.2), 
respectively, os can be expressed as follows: 


| А Bett 


Assuming that the experimental results of о and pş validate the accuracy of 
kinetics parameters, the value of A was deduced by Eq. (3.6), as shown in Table 3.9, 
with the combined use of the measured o and ps, and the calculated Ber. Through 
the experimental analyses of the ADS with spallation neutrons in KUCA, a previous 
study [21] has clearly demonstrated that the value of Be has a small effect on the eval- 
uation of subcriticality in pcm units converted from that in dollar units, as compared 
with the results of numerical subcriticality in pcm units. Here, considering the char- 
acteristics of Вен, attention was directed to another kinetic parameter, A, obtained 
with the combined use of o and os by varying the subcriticality. The deduction of 
А in Fiber #2 was based on Eq. (3.6), by using the value of Век obtained from the 
MCNP6.1 calculations, since the experimental results of Fiber #2 by ће PNS method 
showed a relatively good agreement with the numerical simulations, as described in 
Sect. 3.22.1. As shown in Table 3.9, a comparison between the experimental and 
the numerical values of A demonstrated the same tendency as the acceptable relative 
difference between MCNP6.1 and Fiber #2 by varying the subcriticality. Further- 
more, using the experimental results of o and pş of Fibers #1 and #2 by the PNS 
method, the fitting lines (Fiber #1: pg = —12.27E-03a +4.10; Fiber #2: ps = — 
6.82Е-03а +1.27) by Eq. (3.5) were obtained with the values of the gradient (Fiber 
#1: —12.27E-03; Fiber #2: —6.82E-03) of А/В as shown in Fig. 3.11, as compared 
with the results of MCNP6.1, Fibers #1 and #2 shown in Table 3.10. The experimental 
fitting of Fiber #2 demonstrated good agreement with the MCNP6.1 calculations by 
varying the subcriticality, although the relative difference between the experiments 
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and the calculations was 15% at most. From the results in Fig. 3.11, and Tables 3.9 and 
3.10, the kinetic parameters were easily deduced by the combination of experiments 
and calculations, and verified by the PNS and the a-fitting methods. 

From the results in Tables 3.6, 3.7, 3.8, 3.9 and 3.10, these experimental bench- 
marks are expected to play an important role in the study of weight functions related 
to the physical interpretation and correction factors of the experimental results, from 
the theoretical and the numerical aspects, respectively, as well as of detector position 
dependency, neutron spectrum, and subcriticality measurement methods on kinetic 
parameters. 


3.3 Inverse Kinetic Method 


3.3.1 Theoretical Background 


In the extended Kalman filter (ЕКЕ), the state space x (k) in time step k (1, 2, ...) 
and the observation equation y (k) are expressed as follows: 
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x(k + 1) = f(x(k)) + ҺО), (3.7) 


y(k) = h(x(k)) + w(k), (3.8) 


where f is the matrix expressing state space, b the vector distributing system noise, v 
the (white) system noise (average = 0.0, dispersion = 02); h the observable matrix, 
and w the observation noise (average — 0.0, dispersion — 02; EKF is applicable 
to nonlinearity with first-order approximation by considering derivative A and c? as 
follows: 


apa КАШЫ (3.9) 
дх |,-% 

с =: 900) (3.10) 
OX |,-% ®© 


where Х is the priori estimate (prediction estimation of x in time step k based on 
collected experience until time k — 1). The procedure of the general Kalman filter 
technique is divided into a prediction step and a filtering step. For the prediction step, 
the priori estimate is evaluated with the use of state estimate € in a previous time 
step as follows: 


Х (k) = f(k — D). (3.11) 
Next, the priori error covariance matrix P- is evaluated as follows: 
P- (k) = A(K)P(k — DAT (k) + о", (3.12) 


where Р is а posteriori error covariance matrix. Here, in the first step, initial values 
of& and P- are requisite to perform ЕКЕ. For the filtering step, the Kalman gain g 
is determined as follows: 


P ()C(k) 
СТ (k)P- (K)C(k) + 02 


g (К) = (3.13) 


The state estimate is evaluated with the use of observation results and the priori 
state estimate by the most likelihood parameter g as follows: 


K(k) =X (k) + gk) (vo -hR d). (3.14) 


Finally, in the next step, the posteriori error covariance matrix is prepared as 
follows: 


P(k) = (I — #(® — C (Ю)Р (k). (3.15) 
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In this study, initial values of Eqs. (3.11) and (3.12) were prepared by the inverse 
kinetic method based on one-point kinetic equations as follows: 


dn() _ p(t) — Betti : 
xz wt. n+ DINGO, (3.16) 

аса) Ве E 
= тт) + МСК, (3.17) 


where п is the neutron density, р the reactivity, Вен ; the effective delayed neutron 
fraction of the i-th group, A; the delayed neutron decay constant of the i-th group, and 
C; the density of delayed neutron precursor. For obtaining reactivity in Eq. (3.16) at 
every time step, the time variation of C; in Eq. (3.17) is expressed with a backward 
difference as follows: 


Си) – Cik- 1) Бау " "T 
АЁ = n(k) + A;jC;(k) (k—2,3,-.-), (3.18) 


р is obtained by substituting C; (k) in Eq. (3.18) for Eq. (3.16) as follows: 


| _ dn(t) A 
p (t) = ds | ay 
А у an СЕ ») (3.15) 
n() £ 1E XAKN A | | | 


i- 


Here, when an experiment is assumed to have started at a critical state, the initial 
value (at k — 1) of C; is estimated as follows: 


бен 


cq) = 


n(1). (3.20) 


When monitoring the subcriticality by the EKF technique in the critical core, the 
result of Eq. (3.20) was used as the initial values. 

In ADS experiments with a stable external neutron source, the one-point kinetic 
equation on neutron derivative is changed as follows: 


4п@) _ p(t) — Pett 
Е A 


6 
P7 n(t) + YANGO + Ser, (3.21) 


і=1 


where Sepp is the effective strength of the stable neutron source. By substituting C; 
in Eq. (3.18) for Eq. (3.21), as the same procedure in Eq. (3.19), p is expressed in 
ADS experiments as follows: 
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Here, assuming that the external neutron source is stable, 5. was determined as 
follows: 


1 
$е = PO na), (3.23) 


When monitoring subcriticality by the EKF technique with the external neutron 
source, o(1), C; in Eq. (3.20) and Sere in Eq. (3.23) were used as the initial values. 


3.3.2 Experimental Settings 


3.3.2.1 Critical Core 


Transient experiments [22] were carried out in the uranium-polyethylene (EE1) core 
at КОСА shown in Fig. A4.1. The core was constituted by fuel rods (1/8"p60EUEU), 
made of an HEU (2" x 2" x 1/16") and a polyethylene moderator (p; 2" x 2" x 1/8") 
in an aluminum sheath 2.1" x 2.1" x 60", as shown in Fig. A4.2a. The core spectrum 
was hard in the polyethylene-moderated core at KUCA (an H/U: hydrogen/uranium 
ratio of approximately 50 in the thermal reactor). 

Time evolution of neutron signals was obtained by an optical fiber detector 
(Eu:LiCaAIF6 scintillator) [23] set at the core center for monitoring reactivity based 
on one-point kinetic approximation (to prevent measuring higher mode components 
in neutron flux and variation of detector efficiency). 

The transient experiments were conducted after attaining a critical state with the 
C2 control rod (with all the other control and safety rods withdrawn); C1 control rod 
(Fig. 4.1) was then dropped from the fully withdrawal position to the fully inserted 
position. The neutron counts were obtained every 1 s. 


3.3.2.2 Subcritical Core 


The ADS transient experiment was carried out with the subcritical core at Ке = 0.97 
(target range of the subcriticality monitoring in ADS) shown in Fig. 3.12. The 14 MeV 
neutrons were generated by the injection of deuteron beam (intensity 0.15 mA, pulsed 
width 90 ps, and pulsed frequency 100 Hz) onto a tritium target located at (14—15, 
Y; Fig. A4.1). 
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Fig. 3.12 Description of the 11 12 13 14 15 16 17 18 19 
subcritical core with 14 MeV 
neutrons at KUCA (Ref. 
[22 


In the preparation of the transient experiment, all control and safety rods were 
withdrawn, and 14 MeV neutrons were then injected into the subcritical core. After 
5005, the C1 control rod was (slowly) inserted by an actuator-driven mechanism from 
the fully withdrawal position to the fully inserted position. The BF; detector used 
in this experiment was placed at (11, M; Fig. 3.12). Time evolution of the neutron 
count was obtained every 1 s. 


3.3.3 Transient Analyses 


3.3.3.1 Calibration in Critical Core 


To perform the EKF technique [24, 25] in a time-variable system, setting the variance 
values of system noise and observation noise is requisite to be set. Furthermore, an 
initial priori error covariance matrix is needed for the calibration of the filter. The 
validity of the initial conditions in EKF parameters was evaluated by comparing the 
results by the rod drop method with those of the EKF technique, and those of the 
inverse kinetic method in the transient experiment (C1 rod drop) with the critical 
core. 

Numerical analyses of kinetics parameters were conducted with the use of 
MCNDP6.1 together with ENDF/B-VII.1 [26] (total histories were 5E + 08 (SE + 
05 history per cycle and 1E 4- 03 active cycle)). The variance value of system noise 
was set only for the reactivity of 8E-08 and the observation noise was set as for 
the neutron count obtained at the time step for the variance value. Furthermore, the 
error covariance matrix was set zero except for the reactivity (1E-07) as the EKF 
parameters. 

Here, the variable on the state-space model was set as follows: 


x(k) = '(n() Ci (k) С2(К) C3(k) Calk) С5(К) Celk) р), (3.24) 
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where f indicates transposition of the matrix. Furthermore, function f (x(Kk)) in 
Eq. (3.7) is described as follows: 


p (k) — Bere $ Wan 
n(k) + T (22 Pur, + Y A Cik) 
isl 

Cid) + T (Ein (0 — ас) 
с.б) + T (Ein (0 – 22:00) 
f(x(k)) = C3(k) + T (ше “aon (k) — Аз C3(k) (3.25) 
Calk) + T (f*n (k) — 14 C4(K) 
Cs(k) + T (а (k) — А5 Cs(k) 
сы + T (Éi*n (k) - he Celk) 

p (k) 


where T is the time resolution according to the forward difference: 1.0 in this study. 
Finally, function A (К) is expressed as follows: 


k = 
DET =: Pf) ту Tag Ту Та TA Th Th» 
pha 1-TA; 0 0 0 0 0 0 
тй? 0 11 0 0 0 0 0 
AW) = phia 3 0 0 I-Tà 0 0 0 0 . (3.26) 
тйл 0 0 0 1-TA 0 0 0 
Ls 0 0 0 0 1-75 0 0 
r LLS 0 0 0 0 021-760 
0 0 0 0 0 0 0 1 


Note that element (1, 8) in Eq. (3.26) was approximately 19? (h (х(1)) indi- 
cates the initial neutron count in the experiment) instead of тп. This value was 
introduced to take into account the strong nonlinearity in the model. In the estimate 
with the use of Due the results were unreliable and divergent. 

The transient experiment was started at the critical state; C1 control rod was then 
dropped into the core, inducing a rapid decrease in the neutron counts shown in 
Fig. 3.13. Importantly, the EKF technique reproduced measured count distribution 
(Fig. 3.13). The results of subcriticality monitoring revealed fluctuation in the result 
by the inverse kinetic method shown in Fig. 3.14, demonstrating that slight variation 
in the neutron count in the region of the low count rate greatly affected the estimate 
of subcriticality. Conversely, the result of the EKF technique notably decreased the 
fluctuation notably even after the count rate reached almost zero and the estimated 
value asymptotically approached the reference value, although the overshoot was 
found when the variation in subcriticality stopped rapidly. 
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Fig. 3.13 Neutron count 4000 
rate distribution during C1 
drop transient (Ref. [22]) 


3500 — Experiment 


3000 O Estimate by EKF 


2500 
2000 
1500 


Neutron count rate [1/s] 


1000 
500 


30 60 90 120 150 
Time [s] 


O HrrTTTTTTTTETETTTUTTTTTITTTTTTTTTTTT 


Fig. 3.14 Comparison of oe ткр стор ts pee SE Jw RAE OR f Fo: 
subcriticality monitoring Гг ---- Ехрегітепі 
between the 22. method -200 E Initial stat —— Inverse kinetic method 
and the EKF technique in C1 T Е mite state: 
rod (worth: —888 pcm) drop 9 400 Е о Estimate by EKF 
experiment (Ref. [22]) = Е 

2 -600 E 

o L 

© Е 

Ф Е 

c -800r 

-1000 Е 
0 30 60 90 120 150 


Time [s] 


By the transient experiment in the critical core, the validity of the transient anal- 
ysis was confirmed with the superiority of the filtering technique in reducing the 
fluctuation of monitoring values. 


3.3.3.2 Performance Evaluation 


The objective transient experiment was conducted at the subcritical state in the 
presence of an external neutron source for evaluating the performance of subcrit- 
icality monitoring by the EKF technique, at the same initial condition described in 
Sect. 3.3.3.1. So as to consider the external neutron source in EKF, T х 5еғ was 
appended to element (1) in Eq. (3.25) 

The neutron count distribution was varied gradually compared to the rod drop 
experiment because of the insertion by actuator-drive, and kept at a constant value at 
the end of transient behavior in view of the presence of the external neutron source, as 
shown in Fig. 3.15. The estimate by the EKF technique of the neutron counts showed 
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Fig. 3.15 Neutron count rate distribution during СІ drop transient with external neutron source 
(Ref. |221) 


almost the same distribution as of the experiment. In subcriticality monitoring by the 
inverse kinetic method shown in Fig. 3.16, the fluctuation in the monitoring values 
increased remarkably after the transient as the neutron count decreased. In EKF, the 
monitoring values importantly followed the subcriticality in the transient behavior 
without fluctuation. Moreover, the estimated subcriticality by the EKF technique 
was found to be significantly more accurate than that by the inverse kinetic method, 
demonstrating the validity of the estimate by EKF and the reliability of subcriticality 
monitoring. 

In the transient experiment with the external neutron source, the беғ values should 
be considered variable in addition to the detection efficiency since these values can 
be varied by the insertion of control rods. Thus, to improve monitoring accuracy, in 
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Fig. 3.16 Comparison of subcriticality monitoring between the inverse method and ће ЕКЕ 
technique in ADS transient experiment (Ref. [22]) 
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future studies, the modeling of the space-state equation has to be modified on the 
basis of See and detection efficiency. 


3.4 Conclusion 


Kinetic experiments on ADS with 14 MeV neutrons were conducted at KUCA. The 
kinetic experimental and numerical analyses revealed the following: Measurement 
and calculation methods proven reliable for the evaluation of subcriticality effects 
down to 6 %Ak/k. Anticipating an ADS subcriticality level around 3 %Ak/k, the 
measurement methodology and the calculation precision were considered conve- 
nient for the study of ADS at KUCA. Moreover, optical fiber detectors were consid- 
ered promising in the evaluation of the subcriticality and the prompt neutron decay 
constant evaluation at KUCA, although detector position dependency was observed 
in kinetic measurements by using the optical fiber detection system. 

In the ADS experiments with spallation neutrons, the measurement of kinetics 
parameters was conducted by both the PNS and Feynman-a methods with the use 
of optical fiber detectors, under subcriticality ranging between 1160 and 11556 
pcm. The results confirmed the validity of the prompt neutron decay constant and 
the subcriticality in dollar units through the deduction of kinetics parameters. The 
detector position dependency, neutron spectrum, and subcriticality measurement 
methods still remained, however, in these ADS experiments. 

Transient experiments were carried out to evaluate the performance of subcrit- 
icality monitoring by the EKF technique in the presence of an external neutron 
source. To ensure the conditions in EKF, a basic transient experiment was conducted 
by dropping the control rod at the critical state. In a comparison of the subcriticality 
by the inverse kinetic method and the EKF technique, the advantage of EKF was 
indicated over the robustness of the estimate with good accuracy even at low counts. 
Additionally, the initial condition used in the filtering technique was confirmed as 
valid through comparison with measured subcriticality by the rod drop method in 
the basic transient experiment. In the transient experiments in the presence of an 
external neutron source, the EKF technique was applied to subcriticality monitoring 
(time resolution: 1 s), with the use of the initial condition in the basic experiments. The 
EKF technique significantly indicated a significant advantage in reducing fluctuation 
and estimating more accurately compared with the inverse method, demonstrating 
the applicability to the subcriticality monitor. 
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Chapter 4 (Я) 
Effective Delayed Neutron Fraction get 


Masao Yamanaka 


Abstract In kinetic analyses on ADS, although adjoint flux distribution is defined 
under the existence of an external neutron source, an issue of the proper determination 
of the weighting function still remains in the definition to obtain the kinetics param- 
eters in the fixed-source calculations. Here, an alternative methodology is proposed 
with the combined use of the k-ratio method and the reaction rates obtained by 
the fixed-source calculations, when the subcriticality level or the spectrum of the 
external neutron source is varied. In ADS experiments, the measurement of Вен is 
expected to provide complementary verification of the calculation and reliability of 
nuclear data. Then, the formulation of the Rossi-a method in the pulsed-neutron 
source has been already available for application to the subcriticality measurement 
in the pulsed-neutron source (PNS) experiments. Accordingly, the methodology is 
applied uniquely to deduce the Ber value with the pulsed-neutron source (spalla- 
tion neutrons), with the combined use of the results of experiments and calculations. 
Using parameters o and pg, the values of В.р А are deduced at near-critical config- 
urations through experimental analyses. To estimate the numerical precision of A, 
the value of В.в А is used as an index of A evaluation that is defined by a ratio of A 
values in the super-critical and subcritical states. 
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4.1 Dependency of External Neutron Source 


4.1.1 Experimental Settings 


4.1.1.1 Uranium-Fueled ADS Core 


The critical EE! core (reference core) was assembled at the KUCA-A core and was 
made up of 25 fuel rods surrounded by polyethylene reflectors as shown in Fig. 
A2.1. Each fuel rod (1/8”p60EUEU) was composed of highly enriched uranium 
(HEU; 2" x 2" and 1/16" thick) and a polyethylene moderator (PE; 2" x 2" and 1/4" 
thick) as shown in Fig. A2.2. The core was selected for considering the variation of 
Вен along the subcritilicality level. For the measurement of subcriticality, protons 
accelerated to 100 MeV were injected onto a disk-type tungsten (W) target in order 
to generate spallation neutrons. The accelerator was operated in pulsed mode and 
the repetition rate of the pulse was 20 Hz. The time width of the pulsed proton 
beam was 100 ns. The averaged proton current was 50 pA. The target was located 
at (15, H; Fig. A2.1) grid. The diameter and the thickness of the target were 50 mm 
and 12 mm, respectively. The subcriticality was measured by the extrapolated area 
ratio method [1] without considering the spatial effects. The neutron signals were 
obtained with the use of a BF; detector inserted diagonally at (10, U; Fig. A2.1) to the 
core for the measurements of the subcriticality. For the reference core in the critical 
experiment, excess reactivity and control rod worth (C1, C2, and C3) were measured 
by the positive period method and the rod drop method, respectively. Experimental 
analyses [2] were available to examine the precision of eigenvalue calculations by the 
Monte Carlo method and the accuracy of measured subcriticality by the extrapolated 
area ratio method. To achieve deep subcriticality, some of the fuel rods “Е” (Fig. 
A2.1) were substituted for polyethylene reflectors and configured as shown in Fig. 
A2.3d, f, and the subcriticality level then ranged between about 1300 and 7500 pcm. 


4.1.1.2 Thorium-Fueled ADS Core 


In this experiment, different external neutron sources (spallation neutrons by the 
injection of 100 MeV protons onto the W target, and 14 MeV neutrons by the injection 
of deuteron beams onto the tritium target) were used for considering the variation of 
Вен caused by the spectrum of external neutron source in the subcritical estimation. 
The subcritical core at Ке ~ 0.85 (Th-HEU-5PE core shown in Figs. A5.3 and A5.4) 
was composed of the polyethylene reflectors, fuel rods of thorium (Th; 2" x 2" and 
1/8" thick), HEU, and PE moderators, as shown in Fig. A5.7. 14 MeV neutrons 
were produced by 0.4 mA deuteron beam, 10 Hz pulsed frequency, and 10 us pulsed 
width. 100 MeV proton beams were injected onto the W target at 50 mm spot size, 
10 pA intensity, 20 Hz pulsed frequency, and 100 ns pulsed width. The subcriticality 
was measured by the same method as that in uranium-fueled ADS core. Here, the 
measured subcriticality could be affected by spatial effects especially in such a deep 
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subcritical core. Then, the neutron signals were obtained with the use of an optical 
fiber detector [3] at the core center (Figs. A5.3 and A5.4) in Th-HEU-5PE core. The 
optical fiber (1 mm diam. and 200 mm long) was coated with a powdered mixture 
of “LiF (95% enrichment) for detection of thermal neutrons based on °Li(n, t)*He 
reactions and ZnS(Ag) for scintillation. 


4.1.2 Numerical Simulations 


4.1.2.1 Eigenvalue Calculations 


To ensure the accuracy of eigenvalue calculations with the use of MCNPX-2.5.0 
[4] and ENDF/B-VIL.0 [5], experimental measurements of the excess reactivity and 
control rod worth of C1, C2, and C3 were carried out for comparing measured and 
calculated reactivities in the reference core. In the experiments, the critical state was 
attained by partial insertion of control rod C2 (full withdrawal of C1, C3, S4, S5, 
and S6), and excess reactivity was deduced from the coupling with control rod worth 
(C2 rod) and its integral calibration curve obtained by the positive period method. 
Control rod worth of S4, S5, and S6 was regarded as the same as those of Cl, C2, 
and C3 obtained by the rod drop method, respectively, because of the symmetrical 
configuration of the rods, as shown in Fig. A2.1. 

The MCNPX eigenvalue calculations were performed in a total of 1E + 08 histo- 
ries (1E + 03 active cycles of 1E + 05 each); the statistical errors were less than 9 
рст. As shown in Table 4.1, the calculated excess reactivity and control rod worth of 
СІ, C2, and C3 reproduced the measured ones within a relative difference of 5% in 
the C/E (calculation/experiment) value. Subcriticality was experimentally deduced 
from the combination of the excess reactivity and worth of inserted control rods as 
shown in Table 4.2. Furthermore, the accuracy of experimental analyses was verified 
within 5% through the comparison between the results of MCNPX and those of the 
experiments. Thus, the subcriticality obtained by MCNPX will be regarded as the 
reference subcriticality where it was not able to be measured with the excess reac- 
tivity and the control rod worth. In such deep subcriticality, the subcriticality by the 
area ratio method could compare with the reference one. 


Table 4.1 Comparison 
between calculated and 


Reactivity | МСМРХ-2.50 |Experiment | C/E* 


ы [pem] [рст] 
measured excess reactivities 
and control rod worth (Ref. Excess 258 + 10 257 + 13 1.00 + 0.13 
[2]) СІ rod 839 + 15 812 + 24 1.03 0.02 
C2 rod 508 +15 506 + 15 1.00 + 0.03 
C3 rod 135 + 15 139 +4 0.97 + 0.11 


C/E*: calculation/experiment (Вет = 807 + 11 [pcm] and A = 
30.5 + 0.1 [us] by MCNP6.1 with ENDF/B-VII.0) 
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Table4.2 Subcriticality deduced by excess reactivity and control rod worth in the experiments and 
by MCNPX-2.5.0 in Fig. A2.1 (Ref. [2]) 


Case |ЖоҒШе! то4в | Rod insertion pattern | Subcriticality [pcm] С/Е 
MCNPX-2.5.0 | Experiment 
1-1 25 СІ, C2, C3 1258 + 11 1200 + 36 1.05 + 0.02 
1-2 25 СІ, C2, СЗ, $4 2099 + 11 2011 + 60 1.04 + 0.01 
1-3 25 СІ, C2, C3, 2774 + 11 2657 + 80 1.04 + 0.01 
54, S5, S6 

I-4 21 - 2737 + 11 - - 

I-5 21 СІ, C2, S4, S6 4858 + 11 - - 

І-6 19 - 5299 + 11 - - 

I-7 19 СІ, C2, 54, S6 7457 + 12 - - 


4.1.2.2 Reaction Rates 


The delayed neutron fraction is defined as the ratio of the delayed neutron generation 
to the total neutron generation as follows: 


F4 
B= E (4.1) 


where ф is forward angular flux, < > the integration over angle, space, and energy, 
respectively. F, F^, and Е? are production operators of total, delayed, and prompt 
neutron generations by fission reactions, respectively, as follows: 


Е = ЕШ (E' > Еу”(ЕУХ/(Е), (4.2) 
F! = IE > E)v*(E У (Е!), (4.3) 
F? = Е — Е, (4.4) 


where x and x^ are the energy spectra of total and delayed neutrons, respectively; v 
and v the neutron yields for total and delayed neutrons, respectively; E the energy 
of scattered neutrons; Е’ induced neutron energy; and X, the macroscopic fission 
cross sections. And Вен is defined as the ratio of the contribution of delayed neutrons 
to total neutrons for reactivity with the use of adjoint angular flux $* for weighting 
function as follows: 


(67, Реф) 


— 4.5 
(9%, F 9) om 


Вен = 
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The effective multiplication factor keg and prompt multiplication factor k, аге 
then expressed by the neutron fluxes as follows: 


(ФА, Еф) 
lam 4.6 
T ($^. Lo) М9 
(Фу, F? ф,) 
К = —————, 4.7 
P loh, Lep) кы) 


where L is loss operator account for leakage, absorption, and scattering, and ф, 
and ф+ are the forward and adjoint fluxes taking into account prompt neutrons, 
respectively. In the k-ratio method [6], the multiplication factors Ке and k, are used 
to obtain an approximate value of Вен as follows: 


(Ф, (Е = FA) , der. kp 


= ~ 1 E 
(ot, Еф) (pt, Еф) keff 


Ber f, eigen — (4.8) 


Here, two multiplication factors kyr and кек, p by total and prompt neutrons аге 
newly defined with the use of reaction rates, respectively, as follows: 


(Е ф) 
Крв = ; 4.9 
ето (4.9) 
(Р? gp) 
k = 4.10 
RR,p 72 Фр) ( ) 


Since scattered neutrons are eventually absorbed in the core and the reflector or 
leaked out from the core, denominator in Eqs. (4.9) and (4.10) can be expressed in 
terms of leak out and the absorption reactions only. When numerator and denomi- 
nator are interpreted as integrated reaction rates of the destruction and fission opera- 
tors, respectively, the loss operator of L’ is defined, taking into account leakage and 
absorption, as follows: 


L' = Q.V + S16), (4.11) 


where О is the direction of the neutron flight, and X4 the macroscopic absorption 
cross sections. Then, Bou deduced by the reaction rates was expressed approx- 
imately by substitution of the multiplication factors by Eqs. (4.9) and (4.10) in 
Eq. (4.8) as follows: 


(4.12) 
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Table 4.3 Comparison between effective multiplication factors Кен by MCNPX-2.5.0 апа Кер in 
Eq. (4.9) with reaction rate calculations (Ref. [2]) 


Core Case |Кек (MCNPX-2.5.0) | krr (МСМРХ-2.5.0) 
ЕЕІ core* (Spallation neutrons) 1-1 0.99093 + 0.00009 0.99096 + 0.00013 
1-2 0.98274 + 0.00009 0.98269 + 0.00013 
1-3 0.97627 + 0.00009 0.97619 + 0.00013 
1-4 0.97662 + 0.00009 0.97655 + 0.00012 
1-5 0.95680 + 0.00009 0.95667 + 0.00012 
1-6 0.95278 + 0.00009 0.95281 + 0.00012 
1-7 0.93358 + 0.00009 0.93353 + 0.00012 
Тһ-НЕО-5РЕ (Spallation neutrons) | П-1 0.86397 + 0.00008 0.86387 + 0.00012 
Th-HEU-S5PE (14 MeV neutrons) П-2 0.84924 + 0.00008 0.84923 + 0.00012 


*keff = 1.00344 + 0.00009 (at critical state by MCNP2.5.0 with ENDF/V-VII.0) 


The multiplication factor Гер thus deduced should be compared with the results in 
Кен shown in Eq. (4.6) by the Monte Carlo calculations to examine the validity of Крв 
obtained by Eq. (4.9). Reaction rate calculations were performed by MCNPX-2.5.0. 
Comparing the results of Кен and Квк in Eqs. (4.6) and (4.9), respectively, the results 
by the reaction rates in Eq. (4.9) revealed fairly good agreement with a difference of 
10 pem with those in Eq. (4.6) by MCNPX, as shown in Table 4.3. 

The results revealed that the proposed methodology of Гер with the use of reac- 
tion rates in Eq. (4.9) is appropriate through the comparison with the effective multi- 
plication factor by the eigenvalue calculations. Note that (л, 2п) and (n, 3n) reac- 
tions were not considered for the estimation of the neutron productions, because 
there was no relevant difference between considering them or not in the uranium- 
and the thorium-loaded cores, respectively, in the eigenvalue calculations shown in 
Eq. (4.12). 


4.1.3 k-Ratio Method 


4.1.3.1 Reaction Rates by Eigenvalue Calculations 

On the basis of the theoretical preparation discussed in Sect. 4.1.2, Вет, eigen and Hilo 
as defined in Eqs. (4.8) and (4.12), can be obtained from the eigenvalue calculations, 
compared with the reference one obtained by MCNP6.1 [7]. Through the comparison 
with Вет by MCNP6.1 shown in Table 4.4, the estimation of Венев in Eq. (4.8) 
demonstrated that the methodology is valid in the subcriticality level of interest. Also, 
the value of Pack in Eq. (4.12) with the use of reaction rates showed good agreement 
with those by MCNP6.1, as shown in Table 4.3, indicating a high precision of the 
reaction rates and an applicability of the k-ratio method with reaction rates. From the 
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Table 4.4 Comparison between Вен by MCNPS.1, Beffeigen by ће К-гайо method in Eq. (4.8), 


PRR by the k-ratio method with reaction rate calculations (eigenvalue calculation) in Eq. (4.12), 


RR ce by ће k-ratio method with reaction rate calculations (fixed-source calculation) in Eq. (4.20), 


and p (eigenvalue and fixed-source calculations) in Eq. (4.1) (Ref. [2]) 


Case Effective delayed neutron fraction (and delayed neutron fraction) [pem] 
Вен Dett.eigen Bie В. E 
(MCNPS6.1) (MCNPX-2.5.0) (MCNPX-2.5.0) (MCNPX-2.5.0) 

1-1 817-511 797 + 9 791 + 13 809 + 43 

(649 + 22) (637 + 32) 

1-2 794 + 11 801 +9 795 + 13 873 + 45 

(649 + 22) (636 + 33) 
1-3 814 € 11 8119 807 = 13 880 = 46 
(649 = 22) (636 = 33) 
1-4 806 + 11 810=9 809 + 13 826 + 55 
(649 + 22) (637 + 36) 
I-5 822+ 11 825+9 838 + 13 819 + 57 
(649 + 22) (637 + 37) 
1-6 808 + 11 824 + 9 806 + 13 865 + 81 
(649 + 22) (636 + 44) 
1-7 829 + 11 801 +9 783 + 13 792 + 86 
(649 + 22) (635 + 45) 
H-1 808 + 11 795 +9 803 +9 910 = 1 
(652 + 24) (645 + 14) 
П-2 798 + 11 802 + 9 802 +9 881 +7 
(653 + 24) (635 + 9) 


results in Table 4.4, the proposed methodology by the k-ratio method was confirmed 
valid on the basis of the reaction rates by the eigenvalue calculations. 


4.1.3.2 Reaction Rates by Fixed-Source Calculations 


From the definition of Бы shown in Eq. (4.12), the methodology using eigenvalue 
calculations is extended into a methodology using the fixed-source calculations. In 
the fixed-source problem, the transport equation is expressed by introducing source 


term s to acquire neutron flux formed in the subcritical core sub as follows: 


L bsuv = ЕФуь + 5, (4.13) 


where L and F indicate the loss and fission operators, respectively. To distinguish 
source and fission neutrons, @syh Was assumed to be expressed in terms of source and 
Фсоге as follows: 
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Psub = Psource + core, (4.14) 


where @source means the neutron flux corresponding to the source neutrons, and 
Pcore the neutron flux corresponding to the fission chain reactions. When the source 
problem is solved by applying v — 0 to Eq. (4.13), the multiplied angular flux is not 
formed, and the source term is expressed as follows: 


5 = L source: (4.15) 


Substituting Eq. (4.15) for Eq. (4.13), the source term is replaced by the product 
of L and @gource, and the neutron balance equation is expressed as follows: 


L фаь = Е фаһ s L Фқошсе. (4.16) 


Here, on the basis of the manner in which effective eigenvalues are calculated 
with the neutron flux corresponding to fission neutrons, а pseudo multiplication 
factor КР5°"% is defined in the pseudo eigenvalue calculations with the use of neutron 
flux under the existence of an external neutron source as follows: 


1 
L core = no (4.17) 


Then, pseudo multiplication factors pm and jm are obtained by substituting 


Eqs. (4.14) and (4.16) in Eq. (4.17), with the use of reaction rates by the fixed-source 
calculations, in the same manner as in Eqs. (4.9) and (4.10), respectively, as follows: 


рк _ Ё Фот) _ (Fun) — (F @source) (4.18) 


(1. Peore) (1/ Psub) = (1/ Psource) | 


y Pseudo _ (FP Pcore, p) — (Е? sub, p) ui (Е? source, р) | (4.19) 
RR, p (L Peore, p) (1/ Psub, р) = (L’ Psource, A 


The ine ui) can be calculated with two runs considering total (prompt) 
neutrons: for the calculation of Øsub (sub, p) with standard fixed-source calculation 
and for that of @source (Psource, p) With the fixed-source calculation under the option 
of v = 0. Finally, BER... can be obtained with the reaction rates by the fixed-source 


source 


calculations by substituting Eqs. (4.18) and (4.19) for Eq. (4.8) as follows: 


pseudo 
Кар, р 


RR "T = 
B 5° 1 pseudo т 
RR 


source 


(4.20) 
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4.13.3 Results and Discussion 


Fixed-source calculations were performed by MCNPX-2.5.0 with 1E + 09 total 
histories with nuclear data libraries of ENDF/B-VII.0 and JENDL/HE-2007 [8] as 
shown in Table 4.5. For the case of the spallation neutrons, since neutrons over 
20 MeV neutrons could be produced by the 100 MeV proton injections into the W 
target, JENDL/HE-2007 has a full advantage in the accuracy of the particle transport 
for neutrons over the energy of 20 MeV. However, because the yields for total and 
prompt neutrons are not provided in JENDL/HE-2007, ENDF/B-VII.O was used for 
fissile and fissionable nuclei. В values calculated with the fluxes by eigenvalue and 
fixed-source calculations showed independency on the subcriticality, as shown in 
Table 4.4. However, the В values were decreased by the flux in fixed-source calcu- 
lation. Then, ВЕК, in Eq. (4.20) deduced by the fixed-source calculations indicated 
different values from В (fixed-source calculation), and these values were varied larger 
than those of Be by the eigenvalue calculations (MCNP6.1). In Cases I-1 to I-7, the 
increase of buckling in the core can be the reason to increase Ber and BER... by the 
fuel rod replacement (Cases I-1, I-4, and I-6) and by the control rod insertion (Cases 
I-3, I-5, and I-7) because of especially increasing the leakage of prompt neutrons 
having higher energy compared to delayed neutrons. The neutron flux distribution 
was distorted by the injection of spallation neutrons having dominantly lower energy 
with the comparison of 14 MeV neutrons in Case II-1. This distorted flux distribu- 
tion was considered to be induced by the leakage of prompt neutrons, resulting in 
the increase of БЕК, 

The target results of the measured subcriticality (pcm units) in the uranium-fueled 
core were obtained from measured subcriticality in dollar unit multiplied by Ber 
(MCNPS.1), Pu and ВЕК, in Eqs. (4.11) and (4.19) (Table 4.4), respectively, as 


shown in Table 4.6. The measured subcriticality with the use of BÈR іп Eq. (4.20) for 


source 

conversion from dollar units into pcm units by the fixed-source calculations showed 
good agreement with the reference subcriticality within a relative difference of 10% 
in the variation of the subcriticality level. And, BR... worked well for the results of 
measured subcriticality, comparing those of reference subcriticality. In Cases I-4 to 
1-7 (Table 4.6), there was a slight difference between Ber and BER... 

In deep subcritical cores, the measured subcriticality in the area ratio method is 
generally considered inaccurately obtained in pcm units to compare with reference 
one because an assumption is imposed on the measurements: all source neutrons 


induce the fission reactions and neuron signals originate from correlated neutrons to 


Table 4.5 List of nuclear data libraries for calculation of BR® 


source Ш particle transport simulations 
of the ADS experiments (Ref. [2]) 


Neutrons Protons 
Spallation neutrons | JENDL/HE-2007 and ENDF/B-VII.0 (for U and Th | JENDL/HE-2007 
only) 


14 MeV neutrons ENDF/P-VII.0 - 
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Table 4.6 Results of subcriticality on the basis of effective delayed neutron fractions estimated by 
MCNP6.1, ВКК, , and ВЕК. (Ref. [2]) 


eigen? source 


Case | Reference Subcriticality [pcm] | Measured subcriticality [pcm] 
Best (MCNP6.1) | Bagen Burce 
(MCNPX-2.5.0) (MCNPX-2.5.0) 
1-1 1200 + 36 1147 + 17 1111 x 20 1136+ 61 
(1.05 + 0.02) (1.08 + 0.02) (1.06 + 0.06) 
1-2 2012 + 60 1847 + 27 1850 + 30 2032 + 105 
(1.09 + 0.02) (1.09 + 0.02) (0.99 + 0.05) 
1-3 2657 = 80 2419 + 35 2400 = 40 2615 + 136 
(1.09 + 0.02) (1.11 + 0.02) (1.02 + 0.05) 
1-4 2722 + 32 2679 + 39 2688 + 44 2745 + 183 
(1.02 + 0.02) (1.02 + 0.02) (1.00 + 0.07) 
1-5 4891 + 50 5036 + 84 5134 + 88 5015 + 354 
(0.96 -Е 0.02) (0.95 + 0.02) (0.97 + 0.07) 
1-6 5291 + 54 5489 + 85 5475 + 95 5877 + 554 
(0.97 + 0.02) (0.97 + 0.02) (0.90 + 0.09) 
1-7 7474 + 75 8421 + 144 7952 + 149 8050 + 874 
(0.89 + 0.02) (0.94 + 0.02) (0.93 + 0.10) 


О: Calculation/experiment 


the fission multiplication. And, in the case of different external neutron sources for 
the deep subcritical core, as shown in Table 4.7, subcriticalities were compared in 
terms of the К.ғ. The difference of the reference ke between spallation and 14 MeV 
neutrons is considered to be caused by the slight difference in the core configu- 
ration of the air gap shown in Figs A5.3 and A5.4. Here, the subcriticality with 

RR ce Was Observed to reveal a comparative tendency through the comparison of the 


subcriticality with Вен within the C/E value of 2%. The applicability of the proposed 
methodology was also confirmed with the variation of the external neutron sources. 


Table 4.7 Comparison of Ке and their C/E values estimated by MCNP6.1, BRR and BRR с in 


eigen’ 
different external neutron sources (Ref. [2]) 


Case | Reference keff Measured keff 
Best (MCNP6.1) — BRR, Косе 


(MCNPX-2.5.0) (MCNPX-2.5.0) 
II-1 0.86397 + 0.00008 0.89707 + 0.00387 | 0.89945 + 0.00392 | 0.88559 + 0.00418 


(0.96 + 0.01) (0.96 + 0.01) (0.98 + 0.01) 
П-2 0.84924 + 0.00008 | 0.84775 + 0.02543 | 0.84516 + 0.02581 | 0.83243 + 0.02743 
(1.00 + 0.03) (1.00 + 0.03) (1.02 + 0.03) 


О: Calculation/experiment 
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Finally, these results demonstrated the fact that proper values for subcriticality deter- 
mination with the area ratio technique were successfully obtained for the subcrit- 
icality estimation with the use of the proposed methodology by the fixed-source 
calculations. 


4.22 Measurement 


4.2.1 Nelson Number Method 


4.2.1.4 Formulation of Rossi-o Method 


In the measurement methodology for Век, the Nelson number method based on the 
Rossi-a method [9] provides the advantage of reducing the parameters that are consid- 
ered difficult to obtain experimentally, including detection efficiency, fission rate at 
the core center, and the number of neutrons. The methodology assumes, however, that 
Вен is measured near the critical state and by locating the external neutron source at 
the core center. It is also applicable to the PNS experiments by modifying the formu- 
lation of the Rossi-o method. In the PNS experiments, the formulation by the Rossi-a 
method is already available for processing neutron signals by the methodology used 
in the analysis with the pulsed-neutron source [10, 11]. 

In the Rossi-a method, the joint probability P(t1,t2) between two neutron signals 
detected at times t, and t» is evaluated by categorizing the same fission chain reactions 
into correlated probability Pc and the different fission chain reactions and the neutron 
sources into uncorrelated probability Py, as follows: 


P(t, t5) dti dt = Pc(ti, t) dti dt + Py(t, to) dt ав. (4.21) 
Pc in the existence of the pulsed-neutron source can then be expressed as follows: 


àa Ху (vp (vp — 
2a 


1 
Pc (и, h) = 4 !) e * 0-1) dr dp, (4.22) 


where о is the prompt neutron decay constant, (v p (v p — 1)) the second moment of 
the prompt neutron multiplicity distribution for induced prompt fission neutrons, Ла 
the detection efficiency for neutron, Ау the detection efficiency of a fission reaction, 
and g the correction factor taking into account the variation in the probability of 
detecting correlated counts originating from neutrons of different worth [9]. For 
uncorrelated probability Py, the formulation of its signal is sensitive to the pulsed 
shape of the external neutron source [10]. In the present study, the shape was regarded 
as the Gaussian function, and the uncorrelated probability is represented by constant 
term Ро, const and trigonometric term Py, trig as follows: 
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Ри(и, t9) dj dt? =Ру, const(t1, 0) dt) dt? + Ри, шеи, (2) dt] ар 


Aqg* 5 Лу2ло 
1 dt) 


(— о) To 
со 2пл 2 2 
Aqg* SOAN 1 - (32) е 2 
| d 8 * S(— p) To ‚е To cosf (ZE) o = va dtp, 
2A 25a п=102 + (32) ? 


(4.23) 


where 5 is the intensity of source neutrons, Го the pulsed period, p the reactivity, A the 
generation time, o the pulsed width, and g* the correction factor for spatial and energy 
distribution of the source neutrons [9]. With the result of the Rossi-a method in the 
PNS experiments, the intensity of Pc and Py is obtained from fitting by Eq. (4.21). 
Since Рс is predicted to decay rapidly; however, the fitting is considered difficult 
for obtaining both intensities together. Accordingly, the uncorrelated terms were 
deduced by first fitting in the region, where Рс is sufficiently decayed in Eq. (4.23), 
with fitting parameters B, D, and o as follows: 


Py(ti, 2)ађаь =Ванаь 
1000 2 
_ (22) o2 2пл 
+D > — z? ( To ) ЕЗІ - ШТА 


(4.24) 
where B is the fitting parameter for the constant value shown іп Eq. (4.23) as follows: 


_ Aag *5Лу2ла 


В = 4.25 
(—p)To и 


апа ће upper value of summation was set as 1000 leaving а margin from the saturation 
of the fitting results by setting about 300 in the upper value. With the fitting results 
of B, D, and о, Рс is deduced by subtracting uncorrelated terms from the result of 
the Rossi-a method in ће PNS experiments shown in Eq. (4.21) as follows: 


Pc (t4, t2)dtydtz —P (t4, t5)dti dt? 


L py : a (4.26) 


2 Т 
n=1 a? + (34) g 


Here, the intensity of correlated probability C is obtained by fitting Eq. (4.26) as 
follows: 


Pc(ti, ь)анаь = Ce * аһа, (4.27) 


where C is expressed as follows: 
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С= кы (4.28) 


2a 


4.2.1.2 Estimation of Вс 


For the estimation of Век, the parameters of B and C obtained by fitting with 
Eqs. (4.24) and (4.28), respectively, are used with the value of о, which is defined 
with the use of prompt multiplication factor k, and neutron lifetime /, as follows: 


og l-k, ебек бш TS 
о Pe р _ po (1 — бен) т _ Bett 0$ l (4.29) 
A l 1 Г 1— Вен 


where Кен is the effective multiplication factor and ps the reactivity in dollar units. 
Further, Ау and A can be rewritten with the use of Вет and Кен as follows: 


Т 1 _ Кр _ (1 — Bete) Кен 
15 vj) Кур) 

1 

kar 


, (4.30) 


А = (4.31) 


where /у is the mean time between fission iterations and (v 5) is the average number of 
prompt neutrons released per fission. With the use of Eqs. (4.29), (4.30), and (4.31), 
the intensity of correlated probability C in Eq. (4.27) can be expressed as follows: 


C MZ IU - IJ), _ &Xalvp (vp — 1) kp 
2al(v,) 2o Al vp)kett 

_ ghalvp(vp = 1)) — Bett) kerr 

БИГЕ 

Е gdalvp(vp — 1)) — Вен) 


= 4.32 
2(1 — ps) Be (vp) | ) 


Also, B shown in Eq. (4.25) can be rewritten with the use of ps and о, as follows: 


_ Aag*SAw2z0  A2ag*S(l-— р5)У2ло 


B = 
(— ps) To (—ps) To a 


(4.33) 


Here, the Nelson number is defined with the combination of a, B in Eq. (4.33) 
and C in Eq. (4.32) as follows: 
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Е ELE x2 C j= @ — Best) (= ps) vere 


&(v» (vp = 1)) To aB) Ber — ps) 


and correction factors g and g* were obtained with the following calculations [6]: 


2 
= f Pa) dr f Р(т)1 ue (4.35) 

(S P(r) Қауағ) 

|. [SW ar f P(r) ar 

2 [Р@)1@)ат f Se) dr ’ 99 
Р(г) = ЕГЕ Е)ф(т, E) dE, (4.37) 
I(r) = fxe Е)ф (т, E)dE, (4.38) 
Iur) = | ха(ғ, Е) ф' (т, E)dE, (4.39) 


where ф and ф* are the forward and adjoint fluxes, respectively, X; the macroscopic 
fission cross section, and x and x, the fission spectrum and the spectrum of the 
external neutron source, respectively. From the relation between N and Век shown 
in Eq. (4.24), Век is obtained experimentally as follows: 


— 0$ 
N (1 — ps)? — ps 


Век = (4.40) 


The procedure for the deduction of Вер іп the PNS experiments is shown in 
Fig. 4.1. 


r—— — PNS experiment Experimental condition 
S, <№0(%-1)>, g 


Area ratio method || Fitting PNS Histogram 
Ps a 


r—- Calculation 


Core analysis 
Rossi-a method ф,ф+ 
C, В J 


Fig. 4.1 Procedure for deduction of Ber in PNS experiments (Ref. [12]) 


Correction factors 
2,47 
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4.2.2 Experimental Settings 


4.2.21 ADS Experiments 


The A-core was used for the measurement of Век in the ADS experiments with 
100 MeV protons [12]. The core comprised 25 fuel rods surrounded by polyethylene 
reflectors as shown in Fig. A2.1. Each fuel rod (1/8"p60EUEU) was made up of an 
HEU (2" x 2” and 1/16" thick) and a polyethylene moderator (PE; 2" x 2" and 1/8" 
thick) in an Al sheath 54 x 54 x 1524 mm as shown in Fig. A2.2. The core spectrum 
was a relatively hard one with an H/U (hydrogen/uranium) ratio of approximately 
50 in a thermal reactor. 

A proton accelerator (FFAG accelerator) was operated to inject 100 MeV protons 
(beam spot 50 mm, intensity 50 pA (Cases II-1 to II-3 in Fig. A2.3a-c) and 75 pA 
(Cases П-4 to II-7 in Figs. A2.3d, g) and pulsed frequency 20 Hz) onto a tungsten 
target (W) (50 mm diam. and 12 mm thick) located at position (15, H; Fig. A2.1) to 
generate spallation neutrons. 

Time evolution according to the injection of spallation neutrons was obtained 
from the signals of a BF; detector installed diagonally to the target at position (10, 
U; Fig. А2.1а) and ап optical fiber detector [3] (coated with a powdered mixture of 
6LiF (95% enrichment) for detection based on °Li(n, t)*He reactions and ZnS(Ag) 
for scintillation in the core) installed at position (15-16, M-N; Fig. A2.1). The PNS 
experiments were conducted for 10 min in each case to acquire neutron signals for 
data analyses by the area ratio method and the Rossi-a method. The pulsed width 
of the neutron source was deduced by fitting for each detector with Eq. (4.23), as 
shown in Table 4.8. Here, the reason being the pulsed width of the BF; detector larger 
than that of the optical fiber is considered as follows: the pulsed width of the source 
neutrons is large during the transport into detectors; the transported source neutrons 
are detected, having the width depending on the distance from the neutron source. 


4.2.2.2 Subcriticality 


Subcriticality was obtained by full insertion of control and safety rods, and by the 
substitution of the fuel assembly for polyethylene rods, as shown in Table 4.8. The 
excess reactivity and control rod worth (СІ, C2, and C3) were measured by the 
positive period method and the rod drop method, respectively. In Cases II-1 to II-3, 
the subcriticality was experimentally deduced with the combined use of control rod 
worth and its calibration curve obtained by the positive period method. Moreover, in 
Cases II-4 to П-7, some of the fuel rods “F” (Fig. A2.1) were replaced by polyethylene 
reflectors and configured as shown in Figs. A2.3d-f. Тһе subcriticality in dollar 
units was acquired experimentally by the extrapolate area ratio method [1]. The 
subcriticality level then ranged between 1300 and 7500 pcm. 
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Table4.8 Deduced pulsed width and measured subcriticality in dollar units by fuel rod substitution 
and control rod insertion (Ref. [12]) 


Case | #offuel | Rod Insertion | Pulsed width in Subcriticality [$] (methodology) 
rods pattern optical fiber and 
(BF3) detectors [s] 
II-1 25 C1, C2, C3 (2.10 + 0.05)E-04 1.20 + 0.03 (control rod worth) 
((4.30 + 0.20)E-04) 
П-2 25 СІ, C2, C3, (1.25 + 0.05)E-04 2.01 + 0.06 (control rod worth) 
S4 ((3.10 + 0.20)E-04) 
П-3 25 CT1,.C2, C3, (1.00 + 0.05)E-04 2.66 + 0.07 (control rod worth) 
54, S5, S6 ((2.90 + 0.20)E-04) 
П-4 21 - (1.00 + 0.05)E-04 3.32 + 0.02 (area ratio method) 
((2.70 + 0.10)E-04) 
П-5 21 СІ, C2, S4, (5.12 + 0.25)E-05 6.13 + 0.05 (area ratio method) 
S6 ((2.20 + 0.05)E-04) 
П-6 19 - (5.00 + 0.42)E-05 6.80 + 0.05 (area ratio method) 
((2.75 + 0.02)E-04) 
II-7 19 СІ, C2, S4, (5.00 + 0.42)E-05 10.16 + 0.09 (area ratio method) 
S6 ((2.60 + 0.02)E-04) 


4.2.3 Results and Discussion 


4.2.31 Parameters in Rossi-o Method 


The PNS experiments were carried out for the neutron noise analyses by the Rossi-a 
method. Moreover, the PNS histogram was obtained to acquire o values to supple- 
ment neutron noise analyses, as shown in Fig. 4.2. To obtain the intensity of the 
second term in Eq. (4.23), fitting based on Eq. (4.24) is required in the region where 


Fig. 4.2 PNS histogram of 
optical fiber detector in Case 
II-1 (Ref. [12]) 


Count rate [cps] 
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Fig. 4.3 Correlated and [x10] 
uncorrelated probabilities of 
fiber detector in Case II-1 by 
Rossi-a method іп PNS 
experiment (Ref. [12]) 


80.0 e Correlation term Р. 4 


i" 
IM = Uncorrelation term P, 
a 


Probaability in Rossi-a method [-] 


0 0.005 0.010 0.015 
Time [s] 


the correlation probability is negligible. From the PNS histogram shown in Fig. 4.2, 
the decay of the correlation probability was confirmed at 0.025 s, and intensity B 
was obtained by fitting for the joint probability by the Rossi-a method in the PNS 
experiments, on the basis of Eq. (4.25) in the region between 0.025 and 0.125 s. The 
intensity of the correlation term in Eq. (4.22) was then obtained by subtracting the 
uncorrelated term from the joint probability in Eq. (4.26) and fitting by Eq. (4.27). 

The uncorrelated probability decreased rapidly, compared with the correlated 
probability as shown in Fig. 4.3. Instead of decreasing exponentially, the correlated 
probability increased in the vicinity of zero, the reason being the overestimation 
of the uncorrelated probability in the region arising by varying the shape of the 
external neutron source from the Gaussian to the pulsed, because the formulation 
of uncorrelated probability has the sensitivity to the shape of the external neutron 
source. 

In the fitted parameters, o and B values differed from each other when the subcrit- 
icality was varied, as shown in Figs. 4.4a, b, respectively, because of the increase of 
the subcriticality in the o value and the decrease of neutrons in B. For the intensity of 
correlated probability C, the optical fiber indicated an asymptotic tendency of mono- 
tonic decrease, by the change in the subcriticality attributed to control rod insertion 
and fuel rod replacement in Cases II-1 to II-7, as shown in Fig. 4.4c; the intensity of 
fission reactions decreased by the subcriticality. The ВЕ» detector, however, showed 
the increasing tendency in Cases П-4, П-5, and П-6. Since the low correlated proba- 
bility of the fission neutrons could be predicted in BF; installed outside the core, the 
accuracy of the reconstruction of correlated probability is considered low. 


4.2.3.2 Estimation of fer 


To obtain correction factors 2 and g* by Eqs. (4.30) and (4.31), respectively, the 
calculations of reaction rates and adjoint flux were performed by MCNP6.1 together 


100 


Fig. 4.4 Parameters 
obtained by the Rossi-a 
method in PNS experiments 
by varying subcriticality 
(Ref. |121) 
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Table 4.9 Calculated Ж 
correction factors 2 and g* by сме E £ 
Eqs. (4.30) and (4.31) with 1 1.03 + 0.01 (4.29 + 0.01)E-03 
JENDL 4.0 and (1.03 + 0.01) ((4.32 + 0.01)E-03) 
JENDL/HE-2007 (or 2 1.03 + 0.01 (4.28 + 0.01)E-03 
ЕМРЕ/В-УП.О and (1.03 + 0.01) ((4.31 + 0.01)E-03) 
JENDL/HE-2007), 
: 3 1.04 + 0.01 (4.18 + 0.01)E-03 
respectively (Ret, MAN (1.04 + 0.01) ((4.19 + 0.01)Е-03) 
4 1.03 + 0.01 (3.84 + 0.01)E-03 
(1.03 + 0.01) ((3.83 + 0.01)E-03) 
5 1.03 + 0.01 (3.74 + 0.01)E-03 
(1.03 + 0.01) ((3.78 + 0.01)E-03) 
6 1.03 + 0.01 (2.84 + 0.02)E-03 
(1.03 + 0.01) ((2.84 + 0 .01)E-03) 
7 1.03 + 0.01 (2.75 + 0.01)E-03 
(1.03 + 0.01) ((2.76 + 0 .01)E-03) 


with JENDL-4.0 [13] or ENDF/B-VII.O (uranium and boron) and JENDL/HE-2007 
(all nuclides except uranium and boron); total histories for adjoint flux and reaction 
rates were 1E + 07 and 1E + 06, respectively; the statistical error of the calculations 
was less than 196. The adjoint flux was manually obtained for three-dimensional 
calculations as follows: an external neutron source in the Watt spectrum of ??U 
was set inside ап HEU plate; the reaction rates for the response of v&r, which 
is discussed as more appropriate than Уу [14] to estimate the adjoint flux, were 
tallied over the core with NONU option to avoid the neutron multiplication; these 
reaction rates approximately corresponded to the adjoint flux at the position of the 
HEU plate; this fixed-source problem was repeated by changing the position of the 
external neutron source in HEU plate. The correction factor g remained constant on 
subcriticality, and conversely, the decreasing tendency was indicated on g* values 
by varying the subcriticality, as shown in Table 4.9. Here, a slight difference was 
Observed in the correction factors g and g* between the selection of cross sections, 
and g and g* estimated with JENDL-4.0 and JENDL/HE-2007 were used for the Ве 
measurements. 

With the results shown in Table 4.8 and fitted parameters о, В and C, Век values 
were deduced by Eq. (4.40) in the ADS experiments. The result of measured fy is 
compared with that of calculated Be by MCNP6.1 as shown in Table 4.10, revealing 
that the result of the optical fiber at the core center indicates acceptable accuracy of 
the results by MCNP6.1 within a relative difference of about 13% in the subcritical 
range of ће ADS operation (Cases II-1 to II-7) around keg = 0.93. With the ВЕ; 
detector, the difference between the measured and calculated Beg was very large. 
The resulting low accuracy is attributable to the variation in the shape of the pulsed- 
neutron source and the extraction of correlated probability with pulsed width of 
neutron source based on Eq. (4.24). Thus, the emphasis was placed where the optical 
fiber detector located at the core center showed good accuracy because the effect 
of the higher mode in flux distribution is not effective and the correlated neutrons 
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Table 4.10 Comparison between measured and calculated Ве values (Ref. [12]) 


Case Кн Effective delayed neutron fraction Вен [pcm] 
MCNPS6.1 MCNP6.1 Arearatio method | Optical fiber BF3 

П-1 0.99093 81711 763 +21 870 + 81 911 = 29 
(6.6 + 0.2) (—6.5 = 0.6) (—11.5 + 0.4) 

П-2 0.98274 794 + 11 874 + 26 876 + 58 845 + 33 
(—10.0 + 0.3) (—10.3 + 0.7) (—6.5 + 0.3) 

II-3 0.97627 8144 11 919 + 24 855 + 45 725 + 36 
(—12.3 + 0.3) (—5.0 + 0.3) (11.0 + 0.6) 

П-4 0.97662 801 = 11 721 +5 903 + 109 704 + 28 
(10.0 + 0.2) (-12.7 + 1.5) (12.1 + 0.5) 

II-5 0.95680 826 + 12 737 = 6 915 + 75 303 +7 
(10.8 = 0.2) (—10.8 = 0.9) | (63.3 + 1.7) 

1-6 0.95278 817 = 1 729 = 6 921 + 84 189 = 19 
(10.8 = 0.2) (—12.7 + 1.2) | (76.9 + 7.8) 

H-7 0.93358 81511 729 t6 811 +72 162 + 14 
(14.3 + 0.3) (—0.4 + 0.1) (90.1 + 7.1) 


(): Relative difference (76); *Standard deviation of 9 pcm 


to the same family in fission chain is largely detected. Inversely, when the detector 
is located outside of the core, the measurement accuracy is considered deteriorated 
by the difficulty in the extraction of the correlated term related to correlated neutron 
detections with Eq. (4.26). To estimate the measurement accuracy of Век by proposed 
methodology, Ве was compared with the simple estimation by the area ratio method 
and the relation between reactivity in dollar and pcm units. With the use of the 
subcriticality in Table 4.8 and Ке in Table 4.10, Век can be estimated as follows: 


: 1 1 
pae ratio method = p = ( 1- ) . (4.4 1 ) 
PS ps keff 


Here, measured Вер by proposed methodology indicated comparable or more 
accurate results in the comparison with Ве by Eq. (4.41) (named Area ratio method) 
in Cases II-1 to II-7 for the optical fiber detector, as shown in Table 4.10. Thus, 
the applicability of the measurement methodology for Beg was demonstrated in the 
subcritical range of the ADS operation around keg = 0.93. Furthermore, to obtain 
good accuracy of Век values with the proposed methodology, improvement of corre- 
lated probability is attainable with the use of a specific shape (Gaussian distribution) 
of the external neutron source. 
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4.3 Evaluation of Веғ/ A 


4.3.1 Experimental Settings 


4.3.1.1 Core Configurations 


ADS experiments were carried out in a uranium-lead (U-Pb) core with 14 MeV 
neutrons (Fig. A3.1) and spallation neutrons (Fig. A3.2) [15]. The core comprised 
normal fuel rods (1/8"p60EUEU) of highly enriched uranium (HEU: 2" x 2" x 
1/16”) and a polyethylene moderator (p: 2" x 2" x 1/8") in an aluminum sheath 2.1" 
x 2.1" x 60", as shown in Fig. A3.3a, and U-Pb fuel rods composed of an HEU plate 
and a Pb plate (Pb: 2" x 2" x 1/8") in the center, as shown in Fig. A3.3b. The core 
spectrum was approximately hard in the central region for the spectrum of the actual 
ADS, and the driver (normal fuel) region has an H/U (hydrogen/uranium) ratio of 
approximately 50 in the thermal reactor. 

14 MeV neutrons were generated by the injection of a deuteron beam (intensity 
0.3 mA, pulsed width 10 js, and pulsed frequency 20 or 50 Hz) onto a tritium 
target located at (14—15, Y; Fig. A3.1). A proton accelerator (FFAG accelerator) was 
operated to inject 100 MeV protons (beam spot 50 mm, intensity 10 pA, and pulsed 
frequency 20 Hz) onto a lead-bismuth (Pb-Bi) target (50 mm diam. and 18 mm thick) 
located at (15, D; Fig. A3.2) to generate spallation neutrons. 

Time evolution according to the injection of external neutrons was obtained from 
the signals of four BF; detectors set around the core. Furthermore, in the case of 
spallation neutrons, an optical fiber type detector containing а Eu:LiCaAIF6 scin- 
tillator [16] was additionally installed at location (10, U; Fig. A3.2) symmetrical to 
ВЕ. #2 so as to examine the influence of the detector on measured subcriticality. 

Subcriticality was obtained by full insertion of control and safety rods, and by the 
substitution of the fuel assembly for polyethylene rods, as shown in Table 4.11a. In 
Cases I-1 to I-5, the subcriticality was experimentally deduced with the combined use 
of control rod worth and its calibration curve obtained by the positive period method. 
Moreover, in Cases II to VII (Table 4.11b), some of the fuel rods “Е” (Figs. A3.1 and 
A3.2) were substituted for polyethylene reflectors and configured as shown in Figs. 
A3.6 and A3.7. The subcriticality in dollar units was acquired experimentally by the 
extrapolated area ratio method [1]. Also, о was obtained by the a-fitting method in 
PNS experiments. The subcriticality level ranged between 500 and 7500 pcm. 


4.3.1.2 Numerical Analyses 


Numerical analyses were conducted by using MCNP6.1 together with ENDF/B- 
УП.1 (total histories 5E + 08: 5E + 05 histories per cycle and 1E + 03 active cycles) 
and by PARTISN [17] (with mesh size less than 10 x 10 x 10 mm; transport cross 
section instead of Pj, scattering treatment; ЕО | quadrature for Sy [18]; Fig. 4.5). In 
PARTISN analyses, seven effective cross Sects. (7-energy group) were generated as 
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Table 4.11 Subcriticality variation and pulsed-neutron frequency of 14 MeV neutrons and 
spallation neutrons (Ref. [15]) 


(a) Cases I-1 to I-5 
Case |#offuel plates | Rod insertion Pulsed frequency (Hz) 


pattern 14 MeV neutrons Spallation neutrons 
1-1 4560 |СІ 20 20 
1-2 4560 |С1, СЗ 20 20 
1-3 4560 | Cl, C2, СЗ 20 20 
1-4 4560 |С1, C3, 55 - 20 
I-5 4560 |СІ, C3, 54, 55 |- 20 
(b) Cases II to VII 
Case |#offuel plates | Rod insertion" | Pulsed frequency [Hz] 
14 MeV neutrons Spallation neutrons 
II 4440 |- 20 20 
ш 4200 |- 20 20 
IV 4080 |- 50 20 
V 3960 |- 20 20 
VI 3840 |- 50 20 
VII 3600 |- 20 20 


*Full withdrawal of all control (C1, C2, and C3) and safety (S4, S5, and S6) rods 


described in Ref. [19] with the SCALE6.2 code system [20], as shown in Fig. 4.6. 
The validation of the numerical analyses was confirmed through comparison between 
measured reactivity and calculated reactivity. Here, excess reactivity and control rod 
worth (C1, C2, and C3) were measured by the positive period method and the rod 
drop method, respectively, and calculated as follows: 


eii 1 1 1 1 
Pexcess = ге kocan ~ 1— gu — po ЕЕ qe 2 (4.42) 
cal 1 1 1 1 
Prod = l= конной = 1— кой =-= іше m Rue 2 (4.43) 
where a. and pru are the calculated excess reactivity and control rod worth, 


respectively, gen the value of the effective multiplication factor at the critical state 


so as to reduce the calculation bias induced by the nuclear data, grew the value of 


effective multiplication factor at the withdrawal of all control rods, and Re the value 
of effective multiplication factor at the insertion of control rod C1, C2, or C3 at the 
critical state. The difference was confirmed at less than 5% in control rod worth by 
MCNP6.1, as shown in Table 4.12, although large uncertainty was observed in excess 
reactivity attributed to estimating small reactivity, considering valid for subsequent 


analyses. For PARTISN calculations, while the C/E (calculation/experiment) ratio 
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Fig. 4.5 Calculation geometry with grid mesh in PARTISN (Ref. [15]) 
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Fig. 4.6 Calculation geometry (2-D) for homogenization with SCALE/NEWT (Ref. [15]) 


Table IS: Copa on Reactivity | Experiment | MCNP6.1 PARTISN 
between measured and [pcm] [pcm] [pcm] 
calculated excess reactivity 
and control rod worth (Ref. Excess 47 +5 37-5 = 
[15]) (0.77 + 0.12) 
Cl rod 840+ 2 872 +6 983 
(1.04 + 0.01) | (1.17 = 0.01) 
C2 rod 646 + 1 665 + 6 806 
(1.03 + 0.01) | (1.25 = 0.01) 
C3 rod 226 + 13 228 + 6 229 
(1.01 0.01) | (1.01 + 0.06) 


О: C/E (calculation/experiment) value 
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was 1.25 at most, the reproducibility was considered acceptable by comparison with 
experiments involving variations of subcriticality shown in Table 4.13. 


4.3.2 Kinetics Parameters 


4.3.2.1 Subcriticality in Dollar Units 


The measured ps was compared with the calculated оМСХ by using MCNP6.1 and 
deduced as follows: 


MCNP 

0 = 1 critical 1 сазе 
i £5 ud koe l Кек 

EE ( 1 1 ) "P 
Bu МК Kem 7 | 


where Керр is the effective neutron multiplication factor in each of the cases shown in 
Table 4.13, and pe the effective delayed neutron fraction obtained by MCNP6.1 
corresponding to each case. In the comparison between ps and prt by varying 
the neutron source shown in Figs. 4.7 and 4.8, В values were comparable until 
deep subcriticality. 

Also, notable is that no spatial effect of detector location was observed except 
for that of ВЕЗ#4 detector. The results by ВЕЗ#4 detector placed near the neutron 
source were not reliable since 0% values were significantly overestimated in deep 
subcriticality (over 6$) in both 14 MeV and spallation external neutron sources. The 
large error in deep subcriticality of 9$ in BF3#1 and BF3#2 was caused by the low 
count rate of delayed neutrons. As an examination of detector type dependency on 
ps, LiFCAF fiber detector indicated almost the same ps value compared with that by 
BF3#2, validating the measurement results and capability of the X-mode calculation 
for ps. 


4.3.2.2 Prompt Neutron Decay Constant 


Measured а was compared with calculated one (aMCNP) by using MCNP6.1 and 
deduced as follows: 


1 | ( 1 1 ) | 
MCNP MCNP 
e = саѕе critical Вен J (4.45) 
AMCNP koe ке 1 


AMCNP MCNP | the 


PARTISN) 


where is generation time obtained by MCNP6.1. In addition to a 
prompt neutron decay constant by the w-mode calculation with PARTISN (a 
was added to compare the difference between X-mode and w-mode calculations, as 
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Fig. 4.7 Comparison 
between measured and 
calculated (MCNP6.1 with 
ENDF/B-VII.1) 8.0 
subcriticalities in dollar units 
with 14 MeV neutrons (Ref. 
[155p 
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о 
© 


> 
o 


2.0 


0 20 40 60 80 10.0 


Calculated р; 


Fig. 4.8 Comparison 10.0 се тт рр р салына ала т 
between measured and О BF 3#1 1 
calculated (MCNP6.1 with sô ^ BF3#2 A 4 
ENDF/P-VII.1) x 1 
subcriticalities in dollar units » © BF 3#3 1 
with spallation neutrons = 6.0 o BF #4 4 
(Ref. [15]) g 1 
2 v LiFCAF 1 
zc 6 1 
20 4 
i qp cp p жырылбай а Ee psg АЙ] 
20 40 60 80 10.0 


Calculated р; 


shown in Figs. 4.9 and 4.10. Here, the error of the measurement was evaluated by 
the fitting error. The large error was obtained in the result by ВЕз#4 with spallation 
neutrons in Fig. 4.10 since the PNS histogram was largely influenced by the decay 
of the neutron source. As in ps, no dependence on any external neutron source was 
Observed in the measurements, indicating that the decay of neutron flux in the funda- 
mental mode was measured correctly. Also, the results from all detectors were equiv- 
alent, except from BF3#4. Furthermore, the difference in measurement methodology 
was around 5% between the a-fitting method and the Feynman-a method as described 
in Ref. [20], demonstrating that the measurement was valid. In comparing o/MCNP 
with measured о, o MCNP was overestimated by 1100 1/5 (kett = 0.97). Conversely, 
aPARTISN aoreed with the measured ones, demonstrating that the i-mode calculation 
[21] has the possibility to be incapable of evaluating the o value even for target 
subcriticality in ADS operations through the comprehensive comparisons. 
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Fig. 4.9 Comparison 
between measured and 
calculated (MCNP6.1 with 
ENDF/B-VII.1 and 
PARTISN) prompt neutron 
decay constants in 14 MeV 
neutrons (Ref. [15]) 
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4.3.3 Results and Discussion 


4.3.3.1 Evaluation of Вгғ/А 


Вен/ А. as representative of the cores were experimentally deduced by combining a 
and ps at ВЕз#2 detector as follows: 


(%) _ ge 
А хр 1+ ps Аі 


Also, calculated Вен/Л values were obtained by combining adjoint-weighted 
effective delayed neutron fraction GPARTISN by PARTISN, and the adjoint-weighted 
generation time AP^RTISN was defined as follows: 


(4.46) 
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ВРАТЕ Z (p+ (g^ Xa(g^) va(g) X,(8) ф (g)) (4.47) 


(d+ (<) x(GD v(g) Zr(9) Ф (g)) N 


(офф) 
= mua (4.48) 
($ (g^) x(g’) v(g) 5 (6) ф(8)) 


APARTISN 


where ф and $* are the forward and adjoint fluxes in }-mode ог w-mode calculations, 
respectively, x and ха the total and delayed neutron fission spectra, respectively, v 
and v, the number of total and delayed neutrons by fission reaction, respectively, 
X, the effective fission cross section, v the neutron velocity, < > the integration over 
energy group and phase space, and g and g’ the energy groups. Here, x4 (g^) was 
obtained by the extraction of nuclear data of 2350 from ENDF/B-VII.1 by NJOY99 
[22]. Also, уа (g) was defined as follows: 


va (8) = v (8) — vp (8), (4.49) 


where v, (g), which was obtained as in the procedure for x4 (g^), is the number 
of prompt neutrons by the fission reaction. Furthermore, fB.g/A values by using 
MCNP6.1 were obtained by combining kinetics parameters (evaluated with КОРТ 
option in MCNP6.1). 

By varying subcriticality, the value of Вен/ Л tended to decrease with deep subcrit- 
icality as shown in Fig. 4.11. Interestingly, Beg/A differed even when subcriti- 
cality was the same, although the core size was different in Cases I-2 and III. 
Also, the nonsignificant difference of Вен/ Л values was observed indicated between 
14 MeV and spallation neutron sources in measurements. Thus, В-ғ/ А was consid- 
ered independent of any external neutron source, indicating that the measurement 
was conducted correctly to extract fundamental-mode components in the time evolu- 
tion of neutron flux. In the comparison between calculations, the ».-mode calculation 
by PARTISN showed a bias compared with that by MCNP6.1, and the results were 


Fig. 4.11 B.r/^ value for a 414 MeV neutron 
value in w-mode for 300 Г % % C1Spallation neutrons 
subcriticality variation (Ref. . * % OMCNP6.1 
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almost the same as the measured ones at shallow subcritical states (Cases 1-1 to 1-5). 
At deep subcriticality, however, the X-mode calculations showed a large difference 
as compared with the experiments. Conversely, w-mode calculations correctly eval- 
uated the experiments in the whole range except for Case III, indicating that the 
kinetics parameters were not correctly evaluated by the *.-mode calculation even for 
target subcriticality in ADS for Case IV (Кен = 0.97). 

Here, АН by X-mode calculation showed agreement with measured ps even 
in deep subcritical states, as shown in Figs. 4.7 and 4.8. Conversely, as shown in 
Figs. 4.9 and 4.10, from the comparison of a values, it was observed that the large 
discrepancy between experiments and calculations as subcriticality becomes deeper. 
The discrepancy in the comparison between the experiment and the calculation was 
considered attributable to A value for estimating calculated с value by Eq. (4.45). 
The difference of A value between \-mode and w-mode calculations could be also 
explained by comparing between ps and Вен/Л. since ps values agreed between the 
experiment and the Х-тойе calculation more accurately than the results of Вен/ Л 
(Fig. 4.11). 


4.3.3.2 Discussion 


The discussion is focused on the variation of each kinetics parameter by the calcu- 
lations toward the subcriticality. Веғ and A were compared in terms of the \-mode 
or the w-mode calculation as shown in Fig. 4.12. The values of Beg were indepen- 
dent of subcriticality in w-mode calculations; however, ».-mode calculations showed 
a slightly increased tendency toward subcriticality. Notably, А values revealed a 
different tendency compared with Вен values under A-mode and w-mode calcu- 
lations. Furthermore, Веғ values were equivalent in Cases 1-5 and IV; by contrast, 
however, A values were different even at almost the same subcritical states, indicating 
that А is sensitive to the size of the core and to the insertion of control rods. 
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In qualitative calculation property, the w-mode calculation involves —o/v value 
in absorption term compared to the X-mode calculation, indicating softer neutron 
spectrum by decreasing the total absorption cross section of —o/v (since lower the 
energy, the more increase —о/у value). Furthermore, the adjoint neutron spectrum is 
estimated softer by the }-mode calculation to induce fission reactions, resulting in 
the overestimation of Ве value in the }-mode calculation since the importance of 
delayed neutrons is emphasized by the adjoint neutron flux. Furthermore, the different 
estimation of adjoint neutron spectra is also considered to influence the value of A 
since observation showed an overestimation of Вен and underestimation of A in 
the X-mode calculation. Accordingly, calculated ket by the X-mode calculation is 
implied to be different from actual neutron multiplication factor (in the subcritical 
system) by the combined use of o, Вен, and A since the spectrum calculation was 
inadequate in the }-mode calculations for super-critical and subcritical cores. 

Investigation of the cause in the variation of A is considered limited since the 
number of energy groups is insufficient for characterizing the neutron spectra of ф 
and ф*. Thus, further investigation with a higher number of energy groups is needed. 


4.4 Neutron Generation Time 


4.4.1 Experimental Settings 


4.4.1.1 Core Configuration 


Critical cores set in the A-core (Figs. A4.1 and A4.4) have polyethylene moderator 
and reflector rods, and three different fuel assemblies: normal “F” (Fig. A4.2a), 
partial “8”, and “4” (Figs. A4.2b and A4.5) corresponding to Figs. A4.1 and A4.4, 
respectively. The normal fuel assembly “Е” is composed of 60 unit cells, and upper 
and lower polyethylene blocks about 23" and 21" long, respectively, in an Al sheath 
(2.1 x 2.1 x 60”). A unit cell is composed of two HEU fuel plates 2 x 2" square 
and 1/8" thick (1/16" x 2), polyethylene (p) plate 2 x 2" square and 1/8" thick, for 
normal fuel plate “F.” Numeral “8” represents a partial fuel assembly composed of 
eight unit cells, with two HEU fuel plates and a polyethylene plate as in the normal 
fuel assembly, providing 52 unit cells of two AI plates 2 x 2" square and 1/8" thick 
(1/16" x 2), and 1/8" polyethylene plates. Also, the numeral “4” corresponds to four 
unit cells of fuel assembly with 56 unit cells composed of Al and polyethylene plates. 


4.4.1.2 Experiments 
In the two critical cores [23] shown in Figs. А4.1 and А4.4, criticality was reached 


at positions of control (C1, C2, and C3) and safety (S4, S5, and S6) rods for the total 
number of HEU fuel plates: 3016 and 3008, as shown in Tables 4.14 and 4.15, respec- 
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Table 4.14 Positions of control and safety rods at critical state [mm] (# of HEU plates: 3016; 
critical core in Fig. A4.1) (Ref. [23]) 


Control rod Safety rod 
СІ C2 C3 54 55 56 
1200.00 1200.00 630.01 1200.00 1200.00 1200.00 


(1200 [mm]: Position of upper limit) 


Table 4.15 Positions of control and safety rods at critical state [mm] (# of HEU plates: 3008; 
critical core in Fig. A4.4) (Ref. [23]) 


Control rod Safety rod 
CI C2 C3 54 55 56 
1200.00 723.31 1200.00 1200.00 1200.00 1200.00 


(1200 [mm]: Position of upper limit) 


tively. Excess reactivity and control rod worth in pcm units were then experimentally 
obtained by the positive period method and the rod drop method, respectively, with 
the use of two kinetics parameters Ber and £ estimated by numerical calculations. 
Here, excess reactivity obtained experimentally was about 250 and 100 pcm in Figs. 
A4.1 and A4, respectively, and control rod worth of СІ, C2 (Fig. A4.1 or СЗ in 
Fig. A4.2), and C3 (Fig. A4.2 or C2 in Fig. A4.1) was about 880, 150, and 520 рст, 
respectively. 

In the ADS core (3000 HEU fuel plates) at the subcritical state [23], deuteron 
beams were injected onto a tritium target set at (14—15, X) in Fig. A4.3a. In the 
same subcritical core, another external neutron source of 100 MeV proton beams 
was injected onto a lead-bismuth (Pb-Bi) target set at (15, H) in Fig. A4.6a. Two 
different external neutron sources (14 MeV neutrons; 100 MeV protons: spallation 
neutrons) were separately injected into the subcritical core: deuteron beams, 0.1 mA 
current, 20 Hz repetition rate, 97 us width, and 1 х 10? s~! neutron yield; 100 MeV 
protons, 0.1 nA current, 20 Hz repetition rate, 100 ns width, and 1 x 107 s-! neutron 
yield. The Pb-Bi target was 50 mm in diameter and 18 mm thick. In a series of ADS 
experiments and during the injection of an external neutron source, o and ps were 
measured by the least-square fitting method and the extended area ratio method [1], 
respectively. 

Moreover, to examine the effects of detector position dependence [24] and external 
neutron source spectrum on measurement results, three optical fiber detectors [16] 
were set at (14-15, L-M); (13-14, K-L); (12-13, J-K) in Fig. A4.3a and (15-16, O-Q); 
(16-17, О-В); (18-19, S- T) in Fig. A4.6a; also, three BF-3 detectors were at (15, Н); 
(11, D; (11, M) in Fig. A4.3a and (15, U); (11, T); (10, О) in Fig. A4.6a. 
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4.4.1.3 Kinetics Parameters 


For the a-fitting method [25], æ is easily deduced by combining subcriticality (— opcm) 
in pcm units, Век and A as follows: 


__ Вен — Орст 


2 (4.50) 


a 


The relationship between орел, and os is expressed with the use of B. as follows: 


Юрст = P$ Pett- (4.51) 
Substituting Eq. (4.51) for Eq. (4.50), Вен/ A can be expressed as follows: 


Вен а 
= Я 4.52 
Л 1 — ps ( ) 


The value of Веғ/ Л is easily deduced from the experimental results of о and ps. 


4.4.2 Results and Discussion 


4.4.2.1 Eigenvalue Calculations 


For transport, numerical calculations were performed by the Monte Carlo transport 
code, MCNP6.1 together with nuclear data libraries, JENDL-4.0 and ENDF/B-VII.1. 
Here, in MCNP6.1, since the effects of reactivity by neutron detectors (optical fiber 
detectors, BF-3 detectors, fission chambers, and uncompensated ionization cham- 
bers) and control (safety) rods are not negligible, neutron detectors and control 
(safety) rods were modeled precisely in the simulated geometry and transport calcu- 
lations. The precision of numerical criticality in pcm units was attained by the eigen- 
value calculations with a total of 5 x 105 histories (1 x 10? histories per cycle, 5 
x 10? active cycles, and 1 x 10? skip cycles) and a statistical error of about 4 pcm. 
Also, main kinetics parameters, Вен, A and Rossi-a (termed В.#/Л in MCNP6.1) 
values were obtained by the eigenvalue calculations, when obtaining the effective 
multiplication factor by the k-code option. 

To confirm the numerical precision of eigenvalue calculations by MCNP6.1, 
excess reactivity and control rod worth (C1, C2, and C3) were compared with those 
obtained from the experiments by the positive period method and the rod drop method, 
respectively. The MCNP eigenvalue calculations in the critical state are not always 
unit, differing from the experimental results in critical state obtained by nuclear data 
accuracy and uniformed number density approximation in core materials, although 
a critical core configuration is more closely simulated by MCNP. Thus, excess reac- 
tivity o£?! іп pem units was numerically deduced by the difference between two 


excess 
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effective multiplication factors Keritica and Ksuper-critical, ІП critical and super-critical 
(clean) cores, respectively, as follows: 


cal 1 1 
= | (4.53) 


Pexcess 


Koritical Ksuper— critical 


Also, control rod worth was numerically deduced by the difference between the 
critical and the subcritical (rod insertion) cores, as in Eq. (4.53). 

Using the kinetics parameters obtained by MCNP6.1, experimental reactivity 
099 was deduced and compared with numerical reactivity o**' obtained by JENDL- 
4.0 and ENDF/B-VII.1, as shown in Tables 4.16 and 4.17, with the consideration of 
statistical errors of neutron counts obtained from the neutron detectors and processing 
of error propagation caused by experimental analyses. For the critical cores (3016 and 
3008 HEU plates in Tables 4.14 and 4.15) shown in Figs. A4.1 and A4.4, respectively, 
numerical reactivity obtained by JENDL-4.0 revealed a fairly good agreement with 
the experimental reactivity within a relative difference of around 596 through the C/E 
(calculation/experiment) value of excess reactivity and control rod worth, as shown 
in Tables 4.16 and 4.18. In terms of ENDF/B-VII.1, the difference between numerical 
and experimental reactivity was relatively large over 10%, as shown in Tables 4.17 
and 4.19. The difference between feft values by JENDL-4.0 and ENDF/B-VII.1 was 
attributable to numerical results by the MCNP calculations in fraction В; (i = 1-6: 
precursor group of delayed neutrons) and decay constant 2; of delayed neutrons, as 
shown in Figs. 4.13 and 4.14, respectively. 


Table 4.16 Comparison between measured and calculated reactivity [pcm] with JENDL-4.0 (# of 
HEU plates: 3016; critical core in Fig. A4.1 and Table 4.14) (Ref. [23]) 


рӯ риб CIE (р Pao) 
Excess reactivity 259.9 + 5.7 271.7 = 0.1 0.96 = 0.02 
C1 rod worth 876.1 + 5.7 867.4 + 3.9 1.01 + 0.01 
C2 rod worth 154.8 + 5.7 142.8 + 3.5 1.08 + 0.05 
C3 rod worth 529.2 + 5.7 506.4 + 4.1 1.05 + 0.01 


MCNP6.1 with JENDL-4.0: Вен = 813 + 10 [рст], А = 31.67 + 0.07 [us] 


Table 4.17 Comparison between measured and calculated reactivity [pcm] with ENDF/B-VII.1 (# 
of HEU plates: 3016; critical core in Fig. A4.1 and Table 4.14) (Ref. [23]) 


PER Реті СЕ (об? Lp) 
Excess reactivity 253.9 + 5.6 229.8 + 0.3 1.10 + 0.02 
C1 rod worth 862.5 = 5.7 718.8 + 3.2 1.20 + 0.01 
C2 rod worth 138.2 + 5.6 118.3 + 2.9 1.17 + 0.05 
C3 rod worth 513.1 = 5.7 419.6 4.5 1.22 + 0.01 
MCNP¢6.1 with ENDF/B-VIL1: Ber = 801 + 10 [pem], A = 31.26 + 0.07 [us] 
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Table 4.18 Comparison between measured and calculated reactivity [pcm] with JENDL-4.0 (# of 
HEU plates: 3008; critical core in Fig. A4.4 and Table 4.15) (Ref. [23]) 


CIE (osi 0340) 


Excess reactivity 


MCNP6.1 with JENDL-4.0: Вен = 812 + 10 [pem], A = 31.57 + 0.07 [us] 


Table 4.19 Comparison between measured and calculated reactivity [pcm] with ENDF/B-VII.1 (# 
of HEU plates: 3008; critical core in Fig. A4.4 and Table 4.15) (Ref. [23]) 


CIE (o£ / PEN) 


Excess reactivity 


MCNP6.1 with ENDF/B-VII.1: Вен = 802 + 10 [pem], A = 31.30 + 0.07 [us] 


Fig. 4.13 Comparison [ ] 
between fraction В; (i = 300 |- J 
1-6) by JENDL-4.0 and | о - 
ENDF/B-VII.1 (# of HEU r ENDF/B-VIL1 7 
plates: 3016; critical state in = [ ] 
Fig. A4.1 and Table 4.14) & 2001- J 
(Ref. [23]) AN F 1 
2 L 4 
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oO 
ш 100} 4 
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between decay constant A; EE | JENDL-4.0 22 
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(Ref. [23]) E | 4 
с 
5 | 4 
3: | 4 
8 1.00 m 
Ф | ; J 
Q 
L кӛші || 4 


1 2 3 4 5 6 
Precursor group i 


4 Effective Delayed Neutron Fraction 117 


As shown in Tables 4.16, 4.17, 4.18 and 4.19, numerical results (eigenvalue calcu- 
lations) by MCNP6.1 with JENDL-4.0 demonstrated good agreement with the exper- 
imental data of reactivity in the critical cores. JENDL-4.0 was taken as a reference 
library by comparing it with ENDF/B-VII.1. 


4.4.2.2 Experimental Analyses of Вен/А. 


Kinetics parameters Вен, A and Rossi-o, and Кен values were obtained by the MCNP 
eigenvalue calculations and compared with those of JENDL-4.0 and ENDF/B-VII.1, 
for critical and near-critical states, as shown in Tables 4.20, 4.21, and 4.22. For the 
two critical cores shown in Figs. A4.1 and A4.4, JENDL-4.0 demonstrated a small 
difference between the super-critical (Table 4.20) and the critical (Table 4.21) states, 


Table 4.20 Comparison between kinetic parameters by MCNP6.1 with JENDL-4.0 and ENDF/B- 
УП.1 (# of HEU plates: 3016 in Fig. A4.1) (Ref. [23]) 


Parameter JENDL-4.0 ENDF/B-VIL 1 
Super-critical core (clean core) Petr [pcm] 813 + 10 801 + 10 

A [us] 31.67 + 0.07 31.26 + 0.07 

Rossi-a [s7!] | 256.89 + 3.11 | 256.18 + 3.11 
Critical core (partial insertion of СЗ rod) | Вен [pcm] 818 = 10 800 + 10 

A [us] 30.91 + 0.07 30.69 + 0.07 

Rossi-a [5—1] 264.55 + 3.23 | 260.66 + 3.17 


Table 4.21 Comparison between kinetic parameters by MCNP6.1 with JENDL-4.0 and ENDF/B- 
УП.1 (# of HEU plates: 3008 in Fig. A4.4) (Ref. [23]) 


Parameter JENDL-4.0 ENDF/B-VIL 1 
Super-critical core (clean core) Petr [pem] 812 + 10 802 + 10 

A [ps] 31.57 + 0.07 31.30 + 0.07 

Rossi-w [5—1] |257.22 = 3.11 |256.35 + 3.11 
Critical core (partial insertion of C2 rod) | Вен [pcm] 821 + 10 801 + 10 

A [ps] 31.33 + 0.07 30.03 + 0.07 

Rossi-a [571] | 262.22 + 3.17 | 258.09 + 3.15 


Table 4.22 Comparison between kinetic parameters by MCNP6.1 with JENDL-4.0 and ENDF/B- 
УП.1 (# of HEU plates: 3000; subcritical core in Figs. A4.3a and A4.6a) (Ref. [23]) 


Parameter JENDL-4.0 ENDF/B-VIL 1 
Subcritical core (clean core) Век [pem] 806 + 10 796 + 10 

A [ps] 31.71 + 0.07 31.42 + 0.07 

Rossi-a |8711 254.05 + 3.07 253.35 + 3.09 
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because of the slight difference in the number of fuel plates: 3016 and 3008. Also, in 
terms of ENDF/B-VII.1, the three kinetics parameters were almost the same in the 
two states. 

At the subcritical state with 3000 fuel plates, three kinetics parameters showed 
a meaningful change from the critical state, although the subcriticality was very 
small and around the criticality (Table 4.22). Kinetic parameters о and ps were 
then obtained by the extended area ratio method and the least-square fitting method, 
respectively, by varying the external neutron source: 14 MeV neutrons (Table 4.23) 
and spallation neutrons (Table 4.24). Also, as shown in Tables 4.23 and 4.24, detector 
position dependency was revealed interestingly: the results of Fiber #1 and BF-3 #3 
were rather good, and on the contrary, those of Fiber #2, BF-3 #1, and BF-3 #3 looked 
problematic. 


Table 4.23 Measured prompt neutron decay constants o [s~!] deduced by least-square fitting 
method, subcriticality os [$] (dollar units) by extended area ratio method, and Вен/Л І8 1 Бу 
a-fitting method (# of HEU plates: 3000; subcritical core with 14 MeV neutrons in Fig. А4.3а) 
(Ref. [23]) 


Detector o [5—1] ps [$] (Вен A)? (8-1 С/Е 
BF-3 #1 294.78 + 29.27 0.0228 + 0.0070 288.20 + 93.30 0.88 + 0.29 
BF-3 #2 226.96 + 23.31 0.0158 + 0.0054 223.44 + 79.47 1.14 € 0.41 
BF-3 #3 258.58 + 12.34 0.0194 + 0.0027 253.66 + 37.32 1.00 + 0.15 
Fiber #1 248.38 + 39.04 0.0207 + 0.0056 243.36 + 72.07 1.04 + 0.31 
Fiber #2 229.95 + 14.51 0.0200 + 0.0032 225.45 + 38.73 1.13 + 0.19 
Fiber #3 273.99 + 26.24 0.0261 + 0.0056 267.02 + 62.56 0.95 + 0.22 
MCNP6.1 with JENDL-4.0: Ber; = 806 + 10 [pem], A = 31.71 + 0.07 [us], (беҥ/ Л) (MCNP6.1) 
= 254.05 + 3.07 [s]; CIE = (быт/ ЛИ (быту A)? 


Table 4.24 Measured prompt neutron decay constants o [s^ !] deduced by least-square fitting 
method, subcriticality os [$] (dollar units) by extended area ratio method, and Вен/Л [s-!] by 
a-fitting method (# of HEU plates: 3000; subcritical core with spallation neutrons in Fig. A4.6a) 
(Ref. [23]) 


Detector |œ [s !] 0s [$] (Вен/ А)®Р [s !] | C/E 


BF-3 #1 276.25 + 7.17 0.0900 + 0.0011 1.00 + 0.03 
BF-3 #2 300.62 + 7.03 0.0966 + 0.0011 0.93 + 0.03 
BF-3 #3 259.96 + 6.00 0.0899 + 0.0011 1.07 + 0.03 
Fiber #1 283.79 + 15.38 0.0973 + 0.0025 0.98 + 0.06 
Fiber #2 360.05 + 64.85 0.1139 + 0.0087 323.24 + 63.19 0.79 + 0.15 
Fiber #3 269.83 + 26.36 0.1392 + 0.0039 236.85 + 24.04 1.07 = 0.11 


MCNP6.1 with JENDL-4.0: Вот = 806 + 10 [pem], А = 31.71 + 0.07 [us], (Berr/ AJ (МСМРб.1) 
= 254.05 + 3.07 [`1]; C/E = (бег/ Л) (Вен/ Л) 
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On the basis of the experimental results of o and ps, the value of (бегу гд) 
was experimentally deduced by Eq. (4.52) for 14 MeV neutrons (Table 4.23) and 
spallation neutrons (Table 4.24), and compared with that of (Be ff Va мо Obtained by 
МСМР6. 1 together with JENDL-4.0. With the 14 MeV neutrons, since subcriticality 
in pcm units was found to be near critical, about 16.7 - 4.5 pcm, the value of 
(бек /. л), was observed the same as that of o. The result was considered valid at а 
shallow subcritical state. Among optical fibers and BF-3 detectors, Fiber #1 revealed 
a fairly good agreement with the MCNP calculation within a relative difference of 
4% in the C/E value (Table 4.23), which was attributable to the location of Fiber 
#1 near the center of the core (Fig. A4.1): the position dependence caused by the 
spatial effect was very small on the experimental results of о and ps. Also, with the 
spallation neutrons (Table 4.24), Fiber #1 demonstrated the same accuracy about 2% 
in the C/E value as with 14 MeV neutrons, although the subcriticality in pcm units 
was about 78.4 + 2.2 pcm. The value of (Вен/ A)?'? was found to be experimentally 
valid in the deduction of kinetics parameters, through a comparison between the 
experiments and the MCNP6.1 calculations with JENDL-4.0 (Tables 4.23 and 4.24). 


4.4.2.3 Discussion 


Experimental analyses of the ADS with spallation neutrons at KUCA have clearly 
demonstrated that the value of Bere has a little effect on the evaluation of subcriticality 
in pcm units converted from that in dollar units, when compared with the results 
of numerical subcriticality in pcm units [2]. In the present study, considering that 
the values of Ger are almost the same in the near-critical configurations, particular 
attention was directed to kinetic parameter A obtained by combining о and ps. 

The values of Ber by MCNP6.1 with JENDL-4.0 in the super-critical (3008 
HEU fuel plates) and subcritical (3000 plates) configurations were 812 + 10 and 
806 -Е 10 pcm as shown in Tables 4.21 and 4.22, respectively. Since the values of 
Вен аге almost the same and within the allowance of experimental uncertainty, the 
ratio of (Bett/ A) Sier- critica] ANd (Berr/ А) са in the near-critical configurations is 
approximated as follows: 


cal 


(бе / ДУН, critica (Вен / А) а © ( A subcritical lA super cnica) . (4.54) 


Here, Eq. (4.54) is defined as “Lambda ratio" that is a relative value of A in the 
near-critical Ul pics From the results of Tables 4.23 and 4.24, assuming that 
the value of (fer/A)& еи in the subcritical state by MCNP6.1 is equal to that 
of (Век/ Л)? by the Experiment, Eq. (4.54) can finally be written as follows, by 
substituting (Бе/ Л) иса for (Berr/ А)? and applying again the assumption with 
respect to Ber in Eq. (4.54): 


1 сар , 1 
(Век / Л) а. онно (Вел / 4) Ае АЗА ера (4.55) 
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On the basis of the validity of (В.т/ A)?" mentioned in Sect. 4.4.2, Eq. (4.55) can 
be interpreted as a kind of Lambda ratio between the experiments and the calculations, 
with the combined use of (Вағ/ ака and (Веғ/ Л). Actually, the value of 
(Beg / Л)®? obtained by the ADS experiments at КОСА сап be used as an index 
of А in the near-critical configurations, and is, indeed, expected to be applied for 
the validation of A, by stochastic and deterministic calculations, at near-critical 


configurations in a thermal neutron spectrum core. 


4.5 Conclusion 


A calculation methodology of BRR... by the k-ratio method with an external neutron 
source has been proposed for the subcriticality estimation. Subcriticality measure- 
ments were carried at the KUCA-A cores to examine its applicability of the proposed 
calculation methodology by varying the subcriticality and the external neutron 
source. To confirm the validity of the proposed methodology, the eigenvalue calcu- 
lations were firstly performed to estimate the multiplication factor Кер with reac- 
tion rates by MCNPX. Further, Hs by the k-ratio method with reaction rates was 
compared with the reference ones obtained by MCNP6.1, respectively. For the esti- 
mation of subcriticality by the fixed-source calculations, BER... was observed to be 
dependent on the variation of subcriticality and external neutron source. Finally, the 
subcriticality with BER... was acquired well ranging between about 0.99 and 0.97 
in Кет and revealed the comparative tendency in the deep subcriticality through the 
estimation with the use of RR... obtained by the proposed calculation methodology. 

In the methodology for estimating the value of Be, the Rossi-a method was 
applied to the neutron noise analyses at the PNS experiments with pulsed spallation 
neutrons. With the fitting curve obtained by neutron noise analyses, the signals from 
two detectors installed at the center of the core (optical fiber detector) and outside 
the core (ВЕ; detector) and the correction factors, Ber was measured and compared 
with the value calculated by MCNP6.1. The optical fiber detector located at the core 
center showed that the accuracy of the measured value, compared with the calculated 
one, was within a relative difference of about 13% in the subcritical range of the ADS 
operation around Kk, = 0.93. The result with BF; detector installed outside the core 
was not compared with the calculated one because of the low accuracy attributed to the 
uncorrelated probability. The applicability of the measurement methodology based 
on the Rossi-a method was demonstrated by the comparison between calculated and 


measured Вен values in ADS experiments with spallation neutrons. 


4 Effective Delayed Neutron Fraction 121 


ADS experiments were carried out to evaluate Вен/Л values by varying detector 
type, detector position, external neutron source, and subcriticality. The capability of 
X-mode апа w-mode calculations was examined by comparing directly measured ps, 
а, and Веғ/А in ће PNS experiment with the target subcriticality of ADS ranging 
between 500 and 7500 pcm. The measurement of os and о indicated slight depen- 
dence on an external neutron source but not on any spatial effect except for the ВЕ» 
detector located near the neutron source. In the experimental analyses, calculated os 
(X.-mode and w-mode) showed good agreement with measured ps within the whole 
range of subcriticality; however, the value of a by the X-mode calculation showed 
a difference in the experiment at deep subcriticality. Conversely, o obtained by the 
«-mode calculation agreed with the experiments. The calculated results of Вен/ А 
were compared with the measured ones to examine their capability under subcriti- 
cality variation; consequently, an agreement was observed between the experiments 
and œw-mode calculations under a wide range of subcriticality. Notably, however, 
the X-mode calculations differed from the experiments even under slight subcriti- 
cality, implying the necessity of introducing w-mode calculations in ADS design for 
evaluating actual neutron multiplication factor in the subcritical system and kinetics 
parameters. 

Main kinetics parameters, о and ps, were experimentally obtained from the 
КОСА core, and Вен and A, were numerically validated by MCNP6.1, at the near- 
critical configurations: super-critical and subcritical states. The experimental value 
of (Вен/ 092 was then available for use as an index of A in the near-critical config- 
urations, with an attempt at the validation of A by the numerical calculations. From 
the results of experimental and numerical analyses, the importance of the exper- 
imental value of (беғ/ Л)? was emphasized for the verification of А, since the 
kinetics parameters were successfully obtained from the clean cores of near-critical 
configurations (super-critical and subcritical states) in the thermal spectrum core. 
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Chapter 5 A) 
Neutron Spectrum get 


Cheol Ho Pyeon 


Abstract The subcritical multiplication factor is considered an important index for 
recognizing, in the core, the number of fission neutrons induced by an external 
neutron source. In this study, the influences of different external neutron sources on 
core characteristics are carefully monitored. Here, the high-energy neutrons gener- 
ated by the neutron yield at the location of the target are attained by the injection 
of 100 MeV protons onto these targets. In actual ADS cores, liquid Pb-Bi has been 
selected as a material for the target that generates spallation neutrons and for the 
coolant in fast neutron spectrum cores. The neutron spectrum information is acquired 
by the foil activation method in the ??U-fueled and Pb—Bi-zoned fuel region of 
the core, modeling the Pb-Bi coolant core locally around the central region. The 
neutron spectrum is considered an important parameter for recognizing information 
on neutron energy at the target. Also, the neutron spectrum evaluated by reliable 
methodologies could contribute to the accurate prediction of reactor physics param- 
eters in the core through numerical simulations of desired precision. In the present 
chapter, experimental analyses of high-energy neutrons over 20 MeV are conducted 
after adequate preparation of experimental settings. 


Keywords Subcritical multiplication factor - Reaction rates * Spectrum index - 
Spallation neutrons 


5.1 Subcritical Multiplication Factor 


5.1.1 Theoretical Background 


In the Accelerator-Driven System (ADS) study on the subcritical system, neutron 
multiplication M and subcritical multiplication factor К; [1] are theoretically 
expressed with the combined use of total fission reaction rates F in the core (fuel 
region) and external neutron source rates S at the target, respectively, as follows: 
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F+s 
М = , 5.1 
ы (5.1) 
so (5.2) 
n FS j 


Assuming that the fission reaction rates F do not vary along the wire radius in the 
thermal neutron field, the total fission reaction rates can be expressed approximately 
by a the !!5 In wire length (n, y)!!®™In reaction rates Rr, as follows: 


oo 
Fe | | ох, (р, Ed, (r, E)drd E = C, CPinension [ aCe edd 
V 0 a 


(5.3) 


where V indicates the whole volume in the system, v the average number of fission 
neutrons per fission reaction, Уу the fission cross sections, ф; the neutron flux at 
position r with energy £ in the presence of an external source, с. the conver- 
sion coefficient of !!5In capture reactions to the 2350 fission ones, CPimension the 
dimension coefficient of x-direction (1D) to x-y-z directions (3D) and a the !?In 
wire along the fuel regions in the core. The external neutron source rates S can 
be expressed approximately by source reaction rates Көшсе ОҒ Иа, тп)! 9mm 


reactions as follows: 


oo 
es | [| str, ЕМДЕ = Come | Roues (dr, (54) 
rs 0 


Fs 


where s (г, E) indicates the external neutron source rate at position г with energy E, 
Core" the conversion coefficient of ! ^In(n, n’)!!5™In reactions to neutron generation 
and ғ, the position of the external neutron source. The validity of approximation 
and the applicability of the methodology mentioned above have been demonstrated 
previously [2]. 

Finally, using Eqs. (5.3) and (5.4), M and ks in Eqs. (5.1) and (5.2), respectively, 
can be expressed as follows: 


Core Dimension 
_ С ‚сте Ja Rin, уо, Zo)dx 


М = Fission + 1, (5.5) 
Ciis ане dr 
k= СЕ Cibo z1D Ja лп (х, уо, zo)dx ЕЗ 


Fission Source 


UV C Dimensi Ta rget 
Chin" Саро /, Rin (x, yo; 20) dx F C S. Rsource (r)dr 
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5.1.2 Characteristics of the Target 


5.1.21 Dimension of Solid Targets 


The combined use of the heavy (tungsten, lead and bismuth: W, Pb and Bi) [3] and the 
light nuclides (beryllium: Be; lithium) was considered useful in accomplishing the 
study objectives related to the neutron spectrum and the neutron yield. The neutron 
yield was obtained from the neutrons produced at the surface of the target. The two 
targets laid with the combined use of heavy and light nuclides are termed “two-layer” 
targets in this study, and their characteristics were numerically investigated by the 
MCNPX [4] and SRIM codes [5] with the JENDL/HE-2007 [6] library. The aim of 
these numerical analyses was to investigate the neutron spectrum in the high-energy 
region and to determine the thickness of solid targets so that incident protons could 
be fully stopped inside the target. 

From the numerical results by MCNPX, the neutron spectrum was observed in 
the high-energy region of the solid target used: W, УУ-Ве or Pb-Bi, as shown in 
Figs. A2.5 and A2.6, when 100 MeV protons were injected onto them. The neutron 
spectrum was somewhat similar, regardless of the kind of solid target used as shown 
in Fig. A2.5, although at each target it was comparatively different ranging from 1 to 
10 MeV. Of particular interest here is the influence of the difference in the neutron 
spectrum, caused by the kind of target used, on neutron multiplication in the core. In 
the numerical simulations of neutron generation of the target, the neutron spectrum 
of W-Be target (two-layer target) was compared remarkably with other single targets, 
ranging from 85 to 100 MeV, as shown in Fig. A2.6, and the difference between the 
two spectra was attributed to the scattering reactions of Be to high-energy protons. 
The aim in using the two-layer target was to acquire the neutron spectrum in the 
high-energy region and the neutron yield of high-energy neutrons. Consequently, the 
proton beams actually penetrated the Be target, and conversely stopped inside the W 
target. The thickness of the solid targets was correctly determined by the numerical 
results of the range of high-energy protons with the use of the SRIM code. Lastly, the 
dimensions of the solid targets were determined as shown in Table A2.6, and since 
the size of the proton beam spot was 40 mm in diameter, the targets were adequately 
covered with the proton beams and satisfactorily penetrated and stopped fully in the 
solid targets. 


5.1.2.2 Experimental Settings 


The ADS experiments were carried out in the A-core (Fig. A2.1) with the combined 
use of fuel and polyethylene reflector rods. In the A-core, the fuel assembly shown 
in Fig. A2.2 is composed of 60 unit cells, and upper and lower polyethylene blocks 
about 25" and 20" long, respectively, іп an aluminum (Al) sheath 2.1 x 2.1 x 60”. 
In the A-core, the neutron flux information was acquired from !!5In(n, y)!!ónIn 
reactions using the indium (In) wire (1 mm diameter and 800 mm length), under 
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the assumption that, in the thermal neutron region, the cross sections of 7*>U(n, f) 
are proportional to those of !?In(n, у) "бт shown in Fig. A2.7. The In wire was 
set along the vertical direction (14, 13-Р, A’) at the axial center position shown in 
Fig. A2.1. An AI (10 x 10 x 1 mm, (15, H) in Fig. A2.1) and an In (10 x 10 x 
] mm, (15, H) in Fig. A2.1) foils were attached at the location of the target to monitor 
information on the generation of protons and spallation neutrons through ?" Al(p, n + 
3ру“Ма and ! PIn(n, n')!?"Tn reactions (threshold energy of 0.3 MeV), respectively. 
For an easy understanding of experimental analyses, the methodology of normalized 
reaction rates was introduced with the comparison between the experimental and 
calculated results at the location of the target and in the core region: the!?In (n, 
n^)! 15% and ИЗТа(и, ү)!!°'1п reaction rates normalized by ?" Al(p, n + Зр)2+М№а 
and !?In(n, n')!?"In ones, respectively, were estimated in the experiments, and 
interpreted as actual values of proton yield and neutron yield, respectively, in terms 
of the influence of the external neutron source. The main characteristics of proton 
beams were as follows: 100 MeV energy, 0.7 nA intensity, 20 Hz beam repetition, 
100 ns beam width and 1.0 x 10’ s^! neutron generation. The irradiation time of 
all the foils and wire was about 3 h. The measured subcriticality, 2,900 pcm, of 
the core was obtained by the full insertion of control (C1, C2 and C3) and safety 
(S4, S5 and S6) rods, as shown in Fig. A2.1. The reactivity worth of all control and 
safety rods was evaluated by the rod drop method and the positive period method 
beforehand. The measured reaction rates varied according to the kind of solid target 
used, as shown in Fig. A2.8, under the subcritical level 2,900 pcm. The reaction 
rates were high with the combined use of W and Be targets, and the moderation 
(thermal) peak caused by the high-energy neutrons was observed in the polyethylene 
region, mostly in the two-layer target (W-Be target). Neutron multiplication has 
been obtained successfully by the ! ^ In(z, y)!!™In reaction rates in the core region 
because the relation between ! ?In(n, у) 16" п and ??U(n, f)reaction rates іп the core 
region is apparently applicable to the subcritical multiplication analyses through the 
proportionality of !!>In(n, y)!ó"In and **>U(n, f) cross sections іп the thermal region 


[2]. 


5.1.2.3 Numerical Simulations 


The numerical calculations were performed with the combined use of MCNPX and 
JENDL/HE-2007 for high-energy protons and high-energy neutrons, JENDL-4.0 [7] 
for transport, and JENDL/D-99 [8] for reaction rates. With MCNPX, the calculated 
reaction rates were obtained from the evaluation of volume tallies of activation foils, 
and since the effects of their reactivity are not negligible, they were included in 
the simulated geometry and transport calculations. The eigenvalue calculations were 
conducted for 1,000 active cycles of 100,000 histories. The subcriticalities in the 
eigenvalue calculations had statistical errors within 0.01 %Ak/k (10 pcm), and the 
reaction rates in the fixed source calculations were within 3% as determined with 
the use of the total 1 х 108 histories. The precision of numerical subcriticality in the 
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eigenvalue calculations was attained within the relative difference of 5% between 
the experimental and the numerical results. 

The measured reaction rates of ! ^ In(n, y)! 6"In (wire: 1 mm diameter and 800 mm 
long) іп the core were normalized by those of ! ?In(n, n')! ?"Tn (foil: 10 x 10 x 1 mm) 
at the location of the target. The experimental errors in the activation wire and foil 
were estimated within 1596 and 5%, respectively, including the statistical error of 
y-ray counts and the full width at half maximum (FWHM) of the y-ray spectrum 
peak. The calculated reaction rates of the ! ^ In wire and foil in the core were included 
in the simulated geometry and transport calculations, and deduced from tallies taken 
in the fixed source calculations. Also, the calculated reaction rates of the In foil at 
the target were obtained by the previously fixed source calculations, modeling the 
proton injection on the solid target. 

The calculation/experiment (C/E) value of the experiments and the calculations 
of M in Eq. (5.5), as shown in Table 5.1, was good within an error of 7%, and the 
absolute value of M was large in the W-Be target, compared with that in the other 
two. Also, the values of neutron multiplication were differently compared with the W 
and Pb-Bi targets, indicating that neutron multiplication was mostly influenced by 
the neutron spectrum of the external neutron source, such as the W-Be target. For any 
target, F and 8 were numerically estimated with the use of conversion coefficients 
GE (с 0.25), COE (~ 1.05) and СИЕ! (г< 1.0 x 10?) as shown in Eqs. (5.3) 
and (5.4), including the proportionality between ???U fission and ! ?In capture cross 
sections in the thermal neutron field, the dimension effect and the source conversion, 
respectively. These coefficients were applied to the evaluation of M because it is 
difficult to obtain F and S in Eqs. (5.1) and (5.2) directly by the experiments. 

While the accuracy of M was attributable to the experimental validation of !!5In(n, 
y)! "Tn reaction rates, the actual influence of the kind of solid target used was consid- 
егей significant: neutron multiplication increased over 30% in the two-layer target, 
compared with that in the W target. These experimental results clearly demonstrated 
the influence of the two-layer target on neutron multiplication, and the high-energy 
neutrons in the region ranging from 85 to 100 MeV contributed significantly to the 
neutron characteristics of ADS through the selection of the appropriate target. 

The C/E values of the experiments and the calculations of К, in Eq. (5.6) are 
shown in Table 5.2: the discrepancy between the experiments and the calculations 
was within the relative difference of 896, as in M. The values of the measured and the 
calculated k, demonstrated that the source term contributed largely to the estimation 
of k,, since the external source was located inside the core (core target location 


Table 5.1 Neutron multiplication M in Eq. (5.1) deduced from 15 өп, ү) Өтіп reaction rates in 
subcriticality 2,900 pcm (Ref. [3]) 


Target Calculation Experiment C/E value 

W 1.73 + 0.01 1.85 + 0.02 0.93 + 0.01 
W-Be 2.29 + 0.01 2.36 + 0.03 0.97 + 0.01 
Pb-Bi 1.95 + 0.01 1.94 + 0.02 1.01 + 0.01 
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Table 5.2 Subcritical multiplication factor ks in Eq. (5.2) deduced from 15 In(n, ү) Өзің reaction 
rates in subcriticality 2,900 pcm (Ref. [3]) 


Target Calculation Experiment C/E value 

W 0.42033 + 0.00100 0.45874 + 0.01003 0.92 + 0.02 
W-Be 0.56355 + 0.00100 0.57662 + 0.01510 0.98 + 0.03 
Pb-Bi 0.48830 + 0.00100 0.48488 + 0.01335 1.01 + 0.03 


(15, Н) in Fig. A2.1). Moreover, the results demonstrated that the Pb-Bi target was 
confirmed fairly well for an upcoming target in actual ADS, as predicted in several 
experimental and numerical analyses, by its comparison with the W target, although 
its static core characteristics were almost the same as those of the W target. 


5.1.3 Effects of Neutron Spectrum 


5.1.31 Core Configuration 


Starting from the reference core (Fig. A2.11) that reached a criticality, reaction rate 
experiments [9] (Cases II-1 to II-4 in Fig. 24.16) in ADS were carried out in the 
KUCA A-core by varying subcriticality ranging from 2,483 to 11,556 pcm, as shown 
in Figs. A2.16a through A2.16d. The ADS cores comprise normal fuel assembly “F,” 
partial fuel assembly “16”, Pb—Bi-zoned fuel assembly “f,’ polyethylene moderator 
“р” and reflector rods. Normal fuel assembly “Е” is composed of 36 cells of a highly- 
enriched uranium (HEU) fuel plate 1/16" thick, polyethylene (p) plates 3/8" thick, 
and upper and lower polyethylene blocks about 25" and 20" long, respectively, in an 
aluminum (AI) sheath 2.1 x 2.1 x 60", as shown in Fig. A2.12. The numeral “16” 
corresponds to the number of unit cells in the partial fuel assemblies for reaching 
criticality in the core shown in Fig. A2.14. The Pb-Bi-zoned fuel assembly "f" is 
composed of 30 unit cells with two HEU plates 1/8" thick, Pb-Bi plate 1/8" thick, 30 
unit cells of two HEU plates 1/8" thick and polyethylene plates 1/8" thick, as shown 
in Fig. A2.13. 

The subcriticality in the pcm units was experimentally obtained with the combined 
use of control rod worth and its calibration curve measured by the rod drop method 
and the positive period method, respectively, in Case II-1 (Fig. A2.16a). For the 
deduction of subcriticality in Case II-1, the effective delayed neutron fraction Вер 
and the neutron generation time A were obtained with 783 pcm and 4.64E-05 s, 
respectively, with MCNP6.1 and JENDL-4.0. In Cases П-2 to II-4 (Figs. А2.166-а), 
the reference of subcriticality in the pcm units was attained with MCNP6. 1 eigenvalue 
calculations and the JENDL-4.0 library, because the reactivity of control and safety 
rods was made by the substitution of fuel assembly rods for the polyethylene ones. 
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5.1.3.2 Experimental Settings 


In reaction rate experiments, an In foil (10 x 10 x 1 mm) was attached at the 
boundary between (15, L) and (15, M) shown in Figs. A2.16a, d, in order to obtain 
the information on spallation neutrons with the use of ! ^ In(n, и’) Иа reactions 
(threshold energy 0.3 MeV). Six foils, including gold (197 Au; bare and cadmium: 
Cd covered), шоп (Ее), aluminum (27 AD), ПЗ and nickel (Ni), were used as 
activation foils (Table A2.22) to cover a wide range of threshold energy and acquire 
neutron spectrum information in the region of the Pb-Bi-zoned core affected by 
spallation neutrons. The foils were attached at the boundary between fuel assemblies 
(15, M) and (15, O) (Figs. A2.16a-d) with the dimensions and variations as shown in 
Fig. A2.19. Among the six foils, the '?" Au foil (Au-bare) was taken as a normalization 
factor of reactor power for 56Fe, 27 A]. 11570 апа 5854 foils. Furthermore, the Cd ratio 
was experimentally obtained by the combination of two Au foils: Au-bare and Au- 
Cd sandwiched between two Cd plates (10 mm diameter and 1 mm thick), as a 
spectrum index. For an easy understanding of neutron irradiation, neutron spectrum 
by the MCNP calculations was obtained at several significant positions around the 
Pb-Bi-zoned core (Fig. A2.16a), as shown in Fig. 5.1: at the location of the target, 
the Pb-Bi-zoned fuel assembly (15, M) and two positions (14-13, P-O) and (14-13, 
L-K) at the boundary between Pb—Bi-zoned and normal fuel regions. 

The information on neutron flux distribution was acquired from ! ?In(n, y)!!ó"In 
reaction rate distribution with the use of the In wire (1 mm diameter and 680 mm 
long), which was set at the gap between the Pb—Bi-zoned and the normal fuel regions 
along (14-13, P-A) at a height of 700 mm from the bottom of the core. The reaction 
rates of the !?^In(n, n')!?"In foil at the Pb-Bi target (the boundary between (15, 
L) and (15, M)) were taken as the normalization factor of the source generating 
spallation neutrons. 

Spallation neutrons were generated by bombarding 100 MeV proton beams from 
the FFAG accelerator onto the Pb-Bi target. To compensate for the drawback of 
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Table 5.3 Measured and : Р 
Iculat E t E 
calculated (MCNP6.1) Case Calculation xperimen С/ 
subcriticalities [pcm] in Cases H-1 2483 + 12 2302 + 6 1.08 + 0.01 
II-1 through II-4 (Ref. [9]) П-2 4812--12 = _ 
П-3 9895 + 12 - = 
П-4 11556 + 12 - - 


locating the original target outside the core at (15, А”), the Pb-Bi target was moved 
to (15, L) inside the core on the basis of experimental results obtained in a previous 
study [10]. Specifications of proton beams were as follows: 100 MeV energy, 1.0nA 
intensity, 20 Hz pulsed frequency, 50 ns beam width and 40 mm diameter spot size 
at the location of the target. 


5.1.3.3 Numerical Simulations 


To validate the accuracy of calculated subcriticality, eigenvalue calculations were 
performed with MCNP6.1 [11] and JENDL-4.0 for transport, by comparison with 
measured subcriticality in Case II-1. Here, since the effect of neutron detectors, 
control (safety) rods and irradiation materials is not negligible, they were included in 
simulated geometry and transport calculations with MCNP6.1. The total number of 
histories used in the eigenvalue calculations was 1E + 08 (1E + 05 histories; 1E + 
03 cycles) with a standard deviation of 8 pcm. A comparison between measured and 
calculated subcriticalities revealed an agreement with a relative difference of 8%, 
through the calculation/experiment (C/E) value, as shown in Table 5.3. Also, these 
results demonstrated that the precision of numerical subcriticality by the eigenvalue 
calculations was considered carefully to ensure the reliability of the fixed-source 
calculations with MCNP6.1 in the ADS core with spallation neutrons. 

Reaction rate calculations with spallation neutrons were performed by the 
fixed-source calculations (total number of histories: 1E + 08) with the combined 
use of MCNP6.1 and JENDL/HE-2007 for high-energy protons and spallation 
process, JENDL-4.0 for transport and JENDL/D-99 for reaction rates. Proton beams 
(100 MeV) were modeled as a spot size of 40 mm in diameter injected onto the Pb-Bi 
target at location (15, L). The reaction rates by the fixed-source calculations were 
numerically obtained by the evaluation of volume tallies of activation foils and the 
In wire with a statistical error within 5%. 


5.1.3.4 Indium Wire Distribution 


Thermal neutron flux information was acquired from ! ?^In(n, y)!!°™In reaction rates 
with the use of the In wire, assuming that, in the thermal neutron region, the cross 
sections of !!In(n, y)!!™In are proportional to those of 7°°U(n, f), as shown in 
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Fig. A2.7. To investigate the accuracy of reaction rate analyses at different subcrit- 
ical states, the !^In(n, ү)! өті reaction rate distributions along the (14-13, P-A) 
region in Figs. A2.16a-d were measured with subcriticality ranging from 2,483 to 
11,556 pcm. From a comparison between the measured and the calculated !!5In(n, 
ү) Өзін reaction rate distributions in Cases II-1 and П-3, as shown іп Figs. 5.2a, b, 
respectively, the calculated !^In(n, y)! "In reaction rates reproduced successfully 
the measured ones at an acceptable accuracy with the MCNP fixed-source calcula- 
tions in the subcritical states, demonstrating the allowance within the experimental 
statistical error. 

To estimate the effect of spallation neutrons on the neutron multiplication in 
ADS, the subcritical multiplication factor К, is acquired аз Eq. (5.6), on the basis of a 
theoretical background [5]. A comparison between experiments and calculations of ks 


Fig. 5.2 Comparison 
between measured and 
calculated ! ^In(n, y)! Өтіп 
reaction rate distributions 
along (14-13, P-A) region 
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Table 5.4 Comparison 


Case Calculation Experiment 
between measured and 
calculated (MCNP6.1) К; П-1 0.9989 + 0.0005 0.9996 + 0.0008 
values in Cases П-1 through 2 0.9997 + 0.0005 0.9991 + 0.0009 
(Керр П-3 0.9990 + 0.0005 0.9991 + 0.0009 
П-4 0.9985 + 0.0005 0.9989 + 0.0005 


deduced by Eq. (5.6) showed fairly good agreement within a relative difference of 1%, 
as shown in Table 5.4, and demonstrated an exact reproduction of !!5In(n, y)!!®™In 
and ! PIn(n, n')! "Tn reaction rates with the MCNP fixed-source calculations. 


5.20 Threshold Energy Reactions 


5.2.1 Foil Activation Method 


The experimental results of reaction rates (RR) [s^! cm^?] were obtained by 
measuring total counts of the peak energy of y-ray emissions. The value of RR 
was deduced from that of saturation activity Ds; [s^!] that is proportional to the 
reaction rates by using the following equations: 


Doo = МС (5.7) 
^^ ерек(1 — е уе. ЛӘ (1 — e>)’ | 
Х.Т. С 
ЁЁ = йы = 2 (5.8) 


М Ep Eg (1 — e-^Mi) ет (1 — e) М’ 


where А [5—1] indicates the decay constant, T..— [s] the measurement counting time, 
C [1/5] the counting rate, ер [%] the detection efficiency, eg [%] the emission rate, 
Т; [s] the irradiation time, Tẹ, [s] the waiting time until the measurement starting 
after the irradiation, o [g cm ?] the density and M [g] the mass of the foil. The 
experimental errors in the activation wire and foils were estimated within 15% and 
5%, respectively, including the statistical errors of y-ray counts and full width at half 
maximum of the y-ray spectrum peak. 


5.2.2 Activation Foils 


The measured reaction rates of !?7 Au (bare), 1% Au (Cd), ?9Fe, 7 AI, !^In and *8Ni 
foils irradiated in the subcritical states are shown in Table 5.5. A comparison between 
measured and calculated reaction rates is presented in Table 5.6 and Fig. 5.3. As 
shown in Table 5.6, in Case II-1 (2483 pcm), non-threshold and low-threshold energy 
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Table 5.6 C/E values between measured and calculated reaction rates in Cases II-1 through II-4 
(Ref. [9]) 


Reaction Case II-1 Case II-2 Case II-3 Case II-4 
197 Ақп, у) Au (Баге) 

197 Au(n, y)!’ Au (Cd) 1.10 0.09 |0.81 + 0.05 0.80 +0.06 | 0.71 £0.07 
15 ып, и) Иа (Core) 0.86 + 0.02 |0.69 + 0.04 |052+0.01 0.47 + 0.02 
58Ni(n, р)58Со 0.99 + 0.04  |0.74 + 0.03 0.59 + 0.03 0.67 + 0.04 
56Fe(n, p)>°Mn 0.60+0.03 |0.54+0.03 |047+0.02 |040+0.02 
27 Al(n, о) Ча 0.47 + 0.01 0.26 + 0.02  |0.19 + 0.01 0.22 + 0.02 
Fig. 5.3 C/E value between OE SC EE Tau f n "au (Bare) 
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reaction rates showed good agreement between experimental and numerical reaction 
rates, within a relative difference of around 10%. Conversely, the numerical calcu- 
lations for high-threshold reaction rates of ?7А1 апа *°Fe foils revealed an under- 
estimation of about 5096 at most. Besides, by varying subcriticality, the deeper its 
level, the smaller the C/E value, as shown in Fig. 5.3. Notably, in ADS with spalla- 
tion neutrons, the dependence of reaction rates on subcriticality was revealed in the 
accuracy of C/E, under subcriticality ranging from 2,483 to 11,556 pcm. 

Compared with previous analyses of ADS with 14 MeV neutrons [12], a discrep- 
ancy between measured and calculated reaction rates was, by contrast, larger in ADS 
with spallation neutrons, and considered attributable mainly to the uncertainty of 
reaction rates in the high-energy thresholds and the difficulty in the exact simulation 
of defocused proton beams. In the reaction rate experiments at KUCA, the proton 
beams were transported through an un-vacuumed air space from the location of the 
original target to that of the Pb-Bi target, although the proton beams were in a vacuum 
until they reached the location of the original target. As a result, the proton beam spot 
was easily defocused at the location of the Pb-Bi target by the scattering reactions 
of high-energy protons in the air space (15, A-L; Figs. А2.16а-а). 
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5.3 Spectrum Index 


5.3.1 Cd Ratio 


In reactor physics experiments, the Cd ratio is generally interpreted as the neutron 
spectrum index, where the relation between absorption cross sections of Au and 
Cd is used in foil activation analyses. For thermal and resonance regions, 0.18 eV 
corresponds to the boundary energy (cut-off energy) between thermal and epithermal 
neutron regions. By defining the Cd ratio as that of activation reaction rates Ru. pare 
and RA, ca of Au foils (Au-bare and Au-Cd-sandwiched plates, respectively), the 
Cd ratio can be expressed as follows: 


Rau bare 


Cdratio = (5.9) 


Au—Cd 


On the basis of the definition in Eq. (5.9), the Cd ratio was evaluated by two Au 
foils (bare and Cd-sandwiched plates) in subcritical core configurations, as shown in 
Table 5.7. The C/E values of the Cd ratio were found in good agreement in terms of 
the relative difference error, demonstrating the accuracy of Au absorption reaction 
rates with MCNP simulations in both thermal and epithermal neutron regions. 


5.3.2 In Ratio 


As discussed in Sect. 5.3.1, the ratio of thermal neutrons to epithermal ones obtained 
by the Cd ratio is readily understood as a simple interpretation of the spectrum 
index being about 10%, by subtracting the unity value from the experimental results 
of the Cd ratio shown in Table 5.7. Moreover, among several spectrum indexes of 
fast reactors, the value of F8/F5, which is the ratio of fast fission and total fission 
reaction rates of 2380 апа 2350, respectively, is especially introduced as a quantitative 
evaluation of the neutron spectrum. From the point of view of the spectrum index, a 
new assumption suggested here is supportable by introducing the same concept as 
the Cd ratio and the value of F8/F5, regarding thermal and fast neutrons. 

This section is devoted to a worthwhile discussion of a new index of the neutron 
spectrum in ADS through a new definition of 2350 fission ratio of thermal and fission 


Table 5.7 Comparison 
between measured and 


Case Calculation Experiment C/E 


calculated Cd ratios in Cases П-1 1.15 + 0.09 1.11 + 0.06 1.04 + 0.10 
П-1 through П-4 (Ref. [9]) П-2 1.24 + 0.09 1.09 + 0.02 1.13 + 0.09 
П-3 1.27 + 0.09 1.12 + 0.04 1.13 + 0.09 
П-4 1.16 + 0.09 1.10 + 0.04 1.05 + 0.09 
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neutrons in the specified Pb—Bi-zoned fuel region from (14-13, L; yı) to (14-13, О; 
y2) shown in Figs. A2.16a-d, with an interpretation similar to the Cd ratio mentioned 
in Sect. 5.3.1 as follows: 


y2 pthermal 

o Ru fission X0» Y» zo)d y 
2551) fission ratio = Jr -— | (5.10) 
S, RU fission (Х0› У, zo)dy 


УІ 


where RD s and RD dm indicate 2350(п, f) reaction rates in the thermal (less 
than 0.1 eV) and fast (more than 0.1 MeV) neutron regions, respectively. 
The numerator in Eq. (5.10) is expressed as follows, with the assumption as 


discussed in Sect. 5.1.1: 


» » 
thermal thermal thermal 
J R Ro fission (X0> У, zo)dy = Cassin | Кру) (хо, У, zo)dy, (5.1 1) 
» » 
where Cus indicates the proportionality coefficient of cross sections between 


H5]n(g, у) И п and ?5U(z, f) reactions in the thermal neutron region. Similarly, 
the denominator in Eq. (5.10), by a new assumption of the proportionality of the 
In inelastic scattering (threshold energy 0.4 MeV) and 23517 fast fission reactions, is 
written as follows: 


y2 y2 


f fas fas 
[ Кү fission (xo, У, zo)dy = Cio [ Аня (хо, У, zo)dy, (5.12) 
MI ж 
where C. indicates the proportionality coefficient of cross sections between 


H5]pn(n, п’) Иа and 235(п, f) reactions in the fast neutron region, although the 
assumption of proportionality in the fast neutron region is somewhat complicated 
from the viewpoint of the characteristics of cross sections. On the basis of Eqs. (5.11) 
and (5.12), the results of Ce! and Cft were found to be nearly constant around 
1.11 and 6.25, respectively, with the MCNP fixed-source calculations. 

Generally, in the experiments, while it is apparently difficult to measure 7°>U(n, f) 
reaction rates directly, a convenient alternative is to introduce the proportionality of 
cross sections discussed in Sect. 5.1.2. Subsequently, special attention was directed to 
the property of In wire reaction rates to experimentally obtain neutron flux informa- 
tion on both thermal and fast energy regions simultaneously. Assuming that the 2350 
fission ratio іп Eq. (5.9) corresponds approximately to the ratio of !^In(n, y)!ó"In 
and ! PIn(n, n/)! "Tn reaction rate distributions, a new spectrum index of the In ratio 


is, by introducing the coefficients of Сета and Ci, defined as follows: 


thermal (72 pthermal 
Chesion У Rini y) Хо. У, zo)dy 


Ciast у? Riast 


Inratio = ; 
fission J y, In(n,n') (хо, У, zo)dy 


(5.13) 
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Compared with the numerical results of 22507 fission ratio and In ratio, the assump- 
tion in Eqs. (5.11) and (5.12) is considered mostly valid with a relative difference of 
around 10%, as shown in Table 5.8. A comparison between measured and calculated 
In ratios revealed fairly good agreement within a relative difference of 596 in Cases 
II-1 through II-4 the ratio, as shown in Fig. 5.4, and was found constant especially 
in the Pb-Bi-zoned fuel regions, except at the boundaries between the fuel regions. 
Furthermore, the results in Fig. 5.4 demonstrated that fast neutrons were dominant 
over the Pb—Bi-zoned fuel region through the ratio of thermal and fast neutrons shown 
in Eq. (5.13). From the results in Table 5.8 and Fig. 5.4, the consistency between 
measured and calculated In ratios supported an interesting interpretation that the In 
ratio is useful in conveniently determining the ratio of thermal and fast neutrons as 
another neutron spectrum index of ADS, in addition to the Cd ratio, through two 
different In reaction rate distributions obtained by the In wire. 


Table 5.8 Comparison between measured and calculated In ratios in Cases II-1 through II-4 (Ref. 
[9p 


Case |7351) fission ratio in In ratio in Eq. (5.13) 
Eq. (5.10) 


Calculation Calculation Experiment С/Е 

П-1 |(5.16 + 0.08) x 10-3 | (4.62 + 0.08) x 10-3 |(4.52-- 0.10) x 10-3 |1.02 + 0.03 
П-2 |(2:21 2 0.10) x 10-3 (2.15 0.10) x 10-3 (2.17 + 0.10) x 10-3 | 0.99 + 0.07 
П-3 |(1.79 + 0.07) x 10-3 |(1.60 0.07) x 1072. (1.57 + 0.11) x 1073 | 1.02 + 0.08 
П-4 |(1.70+ 0.09) x 10-3 |(1.54-- 0.09) x 10-3 | (1.48 + 0.10) х 10-3 | 1.04 = 0.10 


Fig. 5.4 Comparison 0.05 
between measured and L 


calculated In ratios Normal fuel region Pb-Bi-zoned | 1 
(Eq. (5.12)) in Case П-1 0.04 fuelregion | - 
(Ref. [9]) ro 


0.03 —4— Calculation 


—=— Experiment 


In ratio 


0.02 
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5.4 Spallation Neutrons 


5.4.1 Neutron Spectrum Analyses 


5.4.1.1 Experimental Settings 


High-energy protons were generated by the FFAG accelerator under the following 
parameters: 100 MeV energy, 30 pA intensity, 30 Hz repetition rate and 200 ns beam 
width. On the downstream of the FFAG beam line, the W was set at the location (15, 
A'; Fig. A2.1) of the original target (80 mm diameter and 10 mm thick); the thickness 
was determined on the basis of previous experimental and numerical analyses [13] 
for the injection of high-energy proton beams onto the W target. For the proton beam 
configuration modeled by numerical simulations, the size of the proton beam spot 
was requisite experimentally and precisely, when 100 MeV protons were injected 
onto the tungsten target where the spallation neutrons are generated. The Gafchromic 
film [14], which is very sensitive to the charged particles, was then used to evaluate 
the size of the proton beam spot injected onto the W target, since a graphic image on 
the film is acquired quickly after the irradiation of charged particles for a short time. 

The reaction rates for threshold energy of high-energy neutrons and the continuous 
energy distribution of the spallation neutrons at the target were acquired by the foil 
activation method and the organic liquid scintillator, respectively [15]. The high- 
energy neutrons (spallation neutrons) of threshold reactions 209Bi(n, xn)*!9-* Bi (n = 
3, to 12) over 15 MeV have been generated by the injection of high-energy protons 
over 100 MeV. Here, to obtain the reaction rates by high-energy neutrons at the 
target, 209 Bi was selected as an activation foil (Table 5.9) to cover threshold energies 
over 15 MeV, and !PIn was selected as a normalization factor for monitoring the 
spallation neutrons at the target to cover threshold reactions !!*In(n, п")! ?"In over 
0.3 MeV. Foil dimensions at the target were as follows: 209Bi 50 mm in diameter 
and 3 mm thick, !?^In, 10 x 10 x 1 mm, and two foils were set around the target 
region as shown in Fig. 5.5. Additionally, nine other !PIn foils (10 x 10 x 3 mm) 
were placed in a circle (100 mm radius) around the target at 30? intervals on an 
acryl plate, to investigate the angular distribution of spallation neutrons as shown in 
Fig. 5.6. The irradiation time of ??Bi and !!51р foils was four hours for measuring 
the neutron yield of spallation neutrons, and their reaction rates were measured by 
the high-purity germanium detector (ORTEC, GEM60P). Besides the previous study 
[12, 13, 16], the detection efficiency of the germanium detector was determined by 
the fitting line obtained from the energy calibration with the use of several y-ray 
standard sources. 

The continuous energy distribution of spallation neutrons was determined by 
the organic liquid scintillator (Nuclear Enterprises Ltd., NE213 Scintillator; 5" in 
diameter and 5" long) set directly facing the W target without any reactor components 
as shown in Fig. 5.7. The measurement circulation of the organic liquid scintillator 
was as indicated in Fig. 5.8. The main advantage of the measurement system is that 
the two signals (rise time and light output of y-ray and neutron) acquired coincidently 
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Table 5.9 Threshold energy, 
half-life and y-ray energy of 
209Bi(n, хп)?\0—*Вї reactions 
(x = 3 to 12) (Ref. [15]) 3 14.42 38.3 y 


x Threshold energy | Half-life (7 уо) | Emission y-ray 
(MeV) energy (keV) 


569.7 (97.8) 
1063.6 (74.9) 


803.1 (98.9) 
881.1 (66.2) 
1718.7 (31.8) 


703.4 (31.5) 
1763.4 (32.5) 


374.8 (81.8) 
899.2 (98.5) 
983.9 (59.1) 


820.2 (29.6) 
825.2 (14.6) 
1847.3 (11.4) 


422.1 (83.7) 
658.5 (60.6) 
961.7 (99.3) 


786.4 (9.5) 
935.7 (11.3) 


419.7 (91.3) 
462.3 (98.3) 
1026.4 (100.0) 


425.3 (22.0) 
560.1 (22.0) 


562.4 (79.0) 
1063.4 (100.0) 


4 22.52 6.24d 


5 29.62 15.31 d 


6 38.13 11.22h 


7 45.37 11.76h 


8 54.24 1.67h 


9 61.69 1.77h 


10 | 70.89 36.45 m 


11 | 78.47 27.12 т 


12 | 87.94 11.85 m 


О: Emission rate [%] 


Stainless 
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Tungsten farget (50 mm diameter, 3 mm thick) 


(80 mm diameter, 10 mm thick) 


Fig. 5.5 Experimental setting of activation foils (Bi and In) for measuring the reaction rates at the 
target position (Ref. [15]) 
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Fig.5.6 Experimental setting of tungsten target for angular distribution of spallation neutrons (Ref. 


[15]) 
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Fig. 5.7 Experimental setting of the organic liquid scintillator (NE213) (Ref. [15]) 


with the use of specific equipment (Laboratory Equipment Corp., Dual MCA) readily 
provide a two-dimensional graphic image (rise time and light output). This system 
allows the rise time information on two signals to accomplish easy discrimination 
between the y-ray and the neutron, and the signals can be converted into fluorescence 
signals of charged particles (recoil protons generated in reaction with neutrons). 
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Fig. 5.8 Measurement 
circulation of the organic 
liquid scintillator (NE213) 
(Ref. [15]) 


Bias 
PMT: Photomultiplier tube Amp 
PA: Pre-amplifier 
PAPS: Pre-amplifier power supply Light 
HV: High-voltage power supply Rise time output 
DLA: Delay line amplifier 
RHC: Rise time to height converter снл ү, CH.2), 


DA: Delay amplifier 
ADC 
Bias Amp: Biased amplifier ADE 
ADC: Analog-to-digital converter 
Dual MCA: Dual multi-channel analyzer 


5.4.1.2 Experimental Analyses 


The 10 mm-thick W target was determined on the basis of experimental and numerical 
analyses [13] from the viewpoint of the full stop of proton beams within the W 
target. On the other hand, the proton beam irradiation experiments were carried out 
to monitor the size of the proton beam spot with the use of a Gafchromic film, which 
is highly sensitive to charged particles. The Gafchromic film was irradiated for two 
minutes and set on the surface (downstream beam) outside the stainless steel flange 
(Fig. 5.5) without the W target, although the influence of the stainless steel flange was 
slightly found in the proton beam profile. It demonstrated that the proton strength 
was distributed by the downstream beams (Fig. 5.9), with a relative distribution 
within an approximately 40 mm diameter spot (Fig. 5.10). The experimental result 
of the Gafchromic film was very useful for modeling the size of the proton beam 


Fig. 5.9 Measured result Top 
(Gafchromic film) of proton 
strength distribution of 

100 MeV protons at 
downstream beam without 
the tungsten target (Ref. 


USD Right 
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Fig. 5.10 Scanning relative T 
result of proton strength | 50 
distribution in Fig. 5.9 of 
100 MeV protons at the 
downstream beam without 
the tungsten target (Ref. 


[15]) 
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spot in numerical simulations, therefore, the irradiation experiments were important 
for evaluating the size of the proton beam spot for which the W target (80 mm in 
diameter) was considered sufficient to cover. 
No value for the 100 MeV proton irradiation was observed in 3n, 9n through 
12n reactions of 2° Bi(n, xn)?!0-*Bi (x = 3—12), since little activation was caused by 
insufficient irradiation with the low proton beam intensity of 30 pA and the long half- 
life (38.3 y) of 3n reactions. The MCNPX calculations with JENDL/HE-2007 for 
nuclear data and ENDF/B-VI for cross sections of Bi were executed by a total number 
of 2 x 10? histories within a statistical error of 196 to obtain the reaction rates of the 
irradiated 20981 foil. The spot size 40 mm diameter of proton beams was modeled in 
the MCNPX calculations on the basis of the experimental results in the Gafchromic 
film. For the irradiation experiments of the 20981 foil, a comparison (Table 5.10) 
between the experimental and the numerical values showed agreement around a 
relative difference of 10% in the calculation/experiment (C/E) values, excluding the 
209В1(п, 85)??? Bi reaction. Here, from the results of the 20981 foil irradiation, the 
high-energy neutrons up to 50 MeV generated by 20 Bi(n, xn)? 7 Bi reactions were 
confirmed to have been bombarded by the injection of 100 MeV protons. 


Table 5.10 C/E values Reaction C/E value 

between measured and 

calculated reaction rates of 209Bi(n, 45) 206Ві 1.00 

?Bi(n, хп)?1°—*В1 reactions | 209gi(y 5n) 205Ві 0.94 + 0.01 

E 209 Bi(n, бл) 20*Ві 0.88 + 0.01 

proton beams (Ref. [15]) Е ы: 
209gi(y 7n) 203Bj 0.95 + 0.02 
20Bi(n, 8n) 202Ві 1.65 + 0.03 
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The comparison between measured and calculated results of the reaction rates at 90 
degrees is listed in Table 5.10. The highest reaction rate was observed at the center 
of the tungsten target as shown in Table 5.11, and the angular distribution (Fig. 5.11 
and Table 5.11) of reaction rates appeared slightly polarized in the upper direction, 
when all reaction rates were normalized by that at position 210 degrees, which was 
the largest along the angular. The reaction rate at 210 degrees was larger than at 
other positions, whereas the effect of the acryl plate was considered insufficient in 
the measured reaction rates along the angular. Next, to investigate the effect of the 
acryl plate on measured reaction rates, numerical simulations were executed with the 
use of MCNPX and JENDL/HE-2007 with (w/) and without (w/o) the acryl plates. A 
comparison of the results (Fig. 5.12) inthe presence or absence of acryl plates showed 
an apparent effect on the reaction rates: the high-energy neutron flux was attenuated 


Fig. 5.11 Measured results 
of the angular distribution of 
indium reaction rates (Ref. 4 99 
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ahead at the target and influenced by the acryl plate. Thus, the spallation neutrons 
were considered significantly spherical in the angular distribution through the results 
in numerical simulations, although their angular distribution was observed actually 
reversed at the target. Subsequently, the neutron yield at the target was evaluated at 
(9.73 + 0.12) x 10^ s-! over 20 MeV and (1.03 + 0.04) x 107 s-! over 0.3 MeV 
from the measured reaction rates of Bi and In foils, respectively. 

The main characteristics of the measurements by the organic liquid scintillator 
are to acquire two signals of prompt (electrons) and delayed (protons, deuterons, or 
а-тау, etc.) fluorescence components and to discriminate y-ray and neutron events 
caused by the two signals, respectively. Thus, the discrimination between the y-ray 
and the neutron was possibly caused by the difference between their fluorescence 
intensities in a time-dependent manner. 

A comparison between the combined (y-ray and neutron) and the y-ray events 
showed apparent discrimination between the ү-гау and the neutron in the ехрегі- 
mental results (Fig. 5.13) of fluorescence distributions. The y-ray events were found 
to be considerably large in low-fluorescence distribution and difficult to discriminate 
the two events of the y-ray and neutron. The amount of fluorescence by high-energy 
neutrons was found to be small in high-fluorescence distribution because of very 
small counting rates in the high-channel region. Moreover, the spallation neutrons 
generated from the FFAG accelerator were considered to be a group of continuous 
energy neutrons with ambiguity in maximum energy, since an edge of the recoil 
proton corresponding to the neutron energy was not found in the measurements by 
the organic liquid scintillator. Thus, the neutron energy calibration [17, 18] of fluo- 
rescence to the light unit was conducted with the use of the results of 22№а standard 
source (y-ray energy; 1.274 MeV). 

The neutron spectrum (Fig. 5.14) was obtained experimentally with the use of 
the SCINFUL-QMD code [19] for the matrix of response functions and with the 
ОМС code [20] for the unfolding of experimental results (Fig. 5.13) together with 
the matrix by SCINFUL-QMD. As a reference of the neutron spectrum, the MCNPX 
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Fig. 5.14 Comparison 
between measured 
(Unfolding) and calculated 
(MCNPX) results of neutron 
spectrum (Ref. [15]) 
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calculations were executed with the use of ENDF/B-VI.6 for cross section data and 
of LAHET150 [21] for the high-energy neutron and proton libraries. А comparison 
between the experiment (ОМС) and the calculation (MCNPX) revealed an approx- 
imate reconstruction of the neutron spectrum in the experiment, ranging from 5 to 
45 MeV neutrons, although the discrepancy was observed in some energy regions. In 
the measurement system, the amount of fluorescence was insufficiently over 50 MeV 
neutron, because of detector sensitivity in relating the intensity and the energy of 
protons. Finally, the spallation neutrons up to 45 MeV were considered successfully 
detected by the organic liquid scintillator, since the discrimination between the y-ray 
and the neutron was satisfactorily conducted. 


5.4.2 Reaction Rates 


5.4.2.1 Experimental Settings 


At KUCA, the proton beam transport facility for injecting 100 MeV protons onto a 
heavy metal target was used for experiments on ADS [22] equipped with a subcritical 
core. The main specifications of proton beams were 100 MeV energy, 1 nA intensity, 
30 Hz beam repetition, 100 ns beam width and 1 x 107 s^! neutron yield, as shown 
in Fig. 5.15. The heavy metal (Pb-Bi) target was set in the downstream of a stainless 
steel flange, as shown in Fig. 5.16. The Pb-Bi target was 50 mm in diameter for 
covering the proton beam shape and 18 mm thick for attaining the full stopping of 
proton beams [3, 13] inside the Pb-Bi target. To monitor the size of the proton beam 
spot, the Gafchromic film, which is highly sensitive to charged particles, was attached 
to the surface of the stainless steel flange before setting the Pb-Bi target. Among 
the main characteristics of the protons, the proton beam shape [23] was considered 
essential for determining neutron multiplication [3, 9] in the subcritical core, and for 
demonstrating adequate numerical precision of Monte Carlo calculations. 
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Fig. 5.15 Numerical results (PHITS3.0 [24]) of spectra of injected proton beams and spallation 
neutrons generated by injection of protons onto Pb-Bi target (Ref. [22]) 
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Fig. 5.16 Foil settings at stainless steel flange (Ref. [22]) 
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Table 5.11 Measured results 


НО ОА Position (?) Measured reaction rate (s^! cm~?) 
the angular (Ref. [15]) Center 11216 + 96 
0 162 + 
30 229 + 
60 254 + 8 
90 297 +9 
120 311 = 10 
150 343 + 11 
180 269 + 
210 448 + 14 
330 331 + 10 


The !?^In(n, n')!?"In reaction rates of high-energy neutrons generated at the 
location of the Pb-Bi target were used for the monitoring of the source neutrons, 
showing the threshold energy as 0.3 MeV (Table 5.12). Also, the 7’ Al(p, n + 3p^Na 
reaction rates were selected for monitoring high-energy protons (100 MeV). The 
number of neutrons per proton (!?In(n, n)! P"In/" Al(p, n + 3p^Na) was then 
experimentally evaluated with the use of the two reaction rates. 

High-energy neutrons over 20 MeV, generated by the interaction between ће Pb- 
Bi target and 100 MeV protons, were evaluated with the use of the neutron threshold 
energies of 209 (и, xn)?!°-*Bi (Table 5.9). The 20981 foil was considered а very 
effective detector for easily acquiring the high-energy neutron spectrum information 
from the systematic threshold energies of high-energy neutrons ranging from 20 
to 50 MeV (Table 5.9). Also, in the reaction rate analyses of ??Bi(n, xn)? Bi 
reactions, the 27 Al(p, п + 3p)**Na reaction rates were taken as a normalization factor 
of the neutron spectrum for the injection of 100 MeV protons onto the Pb-Bi target. 


5.4.2.2 Experimental Analyses 


Monte Carlo calculations have been considered useful in accurately obtaining reac- 
tion rates in the ADS experimental analyses, with the combined use of major nuclear 
data libraries. In the present study, a series of numerical simulations was conducted 
with the PHITS3.0 [24] and the MCNP6.1 codes together with the JENDL libraries, 
the INCL model [25] and LAHET150, for the transport of neutrons and protons, 
as shown in Table 5.13. The !?In(n, n')!?"In reaction rates of 0.3 MeV neutron 
threshold energy were obtained by JENDL/D-99 for cross sections under 20 MeV. 
For over 20 MeV, the ??Bi(n, xn)?!°-*Bi reaction rates were attained by ENDF/B- 
VI.8 [21, 26]. Finally, the АЦ, n + 3p)"^Na reaction rates were acquired by the 
point-wise data of cross sections in JENDL/HE-2007. Reaction rate calculations 
performed by the fixed-source calculations (total number of histories: 1E + 08) were 
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Table 5.12 Threshold energy, half-life and emission y-ray energy of activation foils (Ref. [22]) 


Reactions Threshold energy (MeV) | Half-life (71/2) (h) | Emission y-ray energy 
[keV] (Branching ratio 
(%)) 

15 ып, п/) 15" 0.3 4.486 336.2 (37.0) 

27 Al(p, n + 3p^Na |- 15.00 1368.6 (99.9) 


numerically obtained by the evaluation of volume tallies of activation foils (In, Bi 
and AI foils) within a statistical error of 596. 


5.4.2.3 Number of Neutrons Per Proton 


To determine the size of the proton beam spot, the Gafchromic film was attached to 
the stainless steel flange downstream of the proton beam path, because a modeling of 
the proton beam spot has a significant effect [3, 23] of high-energy neutron generation 
injected by 100 MeV protons onto the Pb-Bi target. By injecting 100 MeV protons іп 
a few seconds, the configuration of the proton beam spot was found to be a triangle- 
like configuration, as shown in Fig. 5.17, and the actual size was decided by scanning 
the result of irradiation shown in Fig. 5.18. 

On the basis of the experimental result of the proton beam spot (Fig. 5.17), reac- 
tion rates of neutrons (0.3 MeV threshold energy) and protons were numerically 
acquired by the PHITS3.0 code with JENDL-4.0 and the INCL model for neutron 
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Fig. 5.18 Scanning relative 
result of proton strength 
distribution of 100 MeV 
protons in Fig. 5.17 (Ref. 
[22]) 


Intensity [Arbitrary units] 


and proton transport, respectively, and JENDL/D-99 and JENDL/HE-2007 for reac- 
tion rates of neutrons and protons, respectively. The ratio of neutrons and protons 
(number of neutrons per proton) by PHITS3.0 was compared with the use of exper- 
imental (Table 5.14) and numerical results shown in Table 5.15, demonstrating that 
the calculation/experiment (C/E) value of the number of neutrons per proton showed 
agreement with a relative difference about 10%. Meanwhile, the MCNP code yielded 
а discrepancy between the experiments and the calculations about 30%, with the 
combined use of nuclear data libraries and data sets shown in Table 5.13. 

From the results in Table 5.15, the PHITS3.0 code was successfully validated to 
obtain the reaction rate ratio of neutrons (under 20 MeV) and protons (100 MeV), 
together with the neutron spectrum by JENDL-4.0 and the !!5In(n, и’) ИЗ cross 


Table 5.13 Combination of 


à Spectrum (Transport) 
spectra and cross sections by 


PHITS3.0 and MCNP6.1 with PHITS3.0 MCNP6.1 

nuclear data libraries (Ref. Under 20 MeV (Neutrons) | JENDL-4.0 | JENDL/HE-2007 

[22]) Over 20 MeV (Neutrons) INCL model | JENDL/HE-2007 
100 MeV (Protons) INCL model | LAHET150 


Cross sections (Reaction rates) 
PHITS3.0 MCNP6.1 
Тася, п) 15а JENDL/D-99 

209Bi(n, хп)?!0—*Вї ENDF/B-VI.8 

27 Ар, п + 3p) Ма JENDL/HE-2007 
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Eon s 1. Reactions Measured reaction rates (s~! cm~?) 
27 Al(p, п + 3p)**Na reaction Ирак, п”) 5mm (2.89 + 0.03) x 10? 
rates (Ref. |221) 27 al(p,n+3p)4Na (1.58 + 0.02) х 10° 


Fig. 5.19 Cross sections of E 
27 Ар, nd 3p)*4Na F —o—7A\(p, п+3р) "Na --- 'in(n, n) "In 
(JENDL/HE-207), !^In(n, 10! L| = "Bin, 4n^Bi  —— "?'Bi(n, 5n)^"^Bi 
n’)! 15mm (JENDL/D-99) and Е + 2Bi(n, 6n)? Bi — 29р, 7n)?°Bi 
209Bi(n, хп)70!—*Вї 
(ENDF/B-VI.8) reactions 
(Ref. [22]) 


—— ”Bi(n, 8п)20Ві 


Cross section [barn] 


11 11111 1111111] 
10 10° 10! 
Energy [MeV] 


sections (Fig. 5.19) by JENDL/D-99, the proton spectrum by the INCL model of 
PHITS3.0 and the 7’ Al(p, n + 3p)"^Na cross sections (Fig. 5.19) by JENDL/HE-2007. 


5.4.2.4 Neutron Spectrum Over 20 MeV 


Interestingly, another attempt with PHITS3.0 was applied to the reaction rate analyses 
of over 20 MeV neutrons generated by the injection of 100 MeV protons onto the 
Pb-Bi target. As shown in Fig. 5.16, the Al foil was attached to the downstream side 
of the stainless steel flange for injecting the proton beam, and the Pb—Bi target was 
set between the Al and Bi foils, which was attached to the backside of the Pb—Bi 
target. After the injection of proton beams, the y-ray spectrum of 7°°Bi(n, xn)?!0-*Bi 
was experimentally obtained for numbers ranging from 4 to 8, as shown in Fig. 5.20. 
Experimental reaction rates were attained by Eq. (5.8), with the use of total counts 
of y-rays in threshold energies, as shown in Table 5.9. 

From the results in Table 5.16, the ratios of 2Ві(п, xn)?!°-*Bi and ?' Al(p, n + 
3р) “Ча reaction rates by PHITS3.0 were found to be fairly good with a relative 
difference of about 10%, except for x = 7. Additionally, a comparison of the C/E 
value demonstrated significant validation of the INCL model of PHITS3.0 and veri- 
fication of cross sections over 20 MeV threshold energy (ENDF/B-VI.8; Fig. 5.19) 
and 100 MeV protons (JENDL/HE-2007; Fig. 5.19). Also, the MCNP code showed 
good agreement with the experimental results shown in Table 5.16, demonstrating 
the accuracy of a relative difference of about 10%, except for x = 7. 
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Fig. 5.20 Experimental 16000 T7777 7T777T | ГОП ШЕ 
results of the y-ray spectrum Е 4 
of 29 Bi(n, хт)210-Ві (x = 14000 E 
4-8) (Ref. [22]) 12000 Е S 3 
ж 100005: = BE 1 
= Eoo Ек 1 
8 8000- gB|9 F533 E 
o к ЕВ = 53 г. и и i 
6000 - Е г £888 a g] 
4ook 515 33 5 = 
Е х 2% ТЕ 
2000 F э 28 ЕСЕ 
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Table 5.15 Comparison between calculations and experiments of reaction rate ratio !!>In(n, 
n^)! 151/27 Al(p, п + Зр)? Ма (Ref. [22]) 


Ratio (number of neutrons per proton) Experiment C/E* 
PHITS3.0 MCNPS6.1 


H5pn(n, n’)! !5™]In/ 0.185 + 0.004 1.14 + 0.03 1.34 + 0.03 
27 АІ(р, п + 3p)^Na 


C/E*: Calculation/Experiment 


Table 5.16 Comparison between calculations and experiments of reaction rate ratio 209Ві(п, 
xn)?10—*Bi (х = 4 to 8/77 Al(p, n + 3p)*4Na (Ref. [22]) 


Reactions Measured reaction rates (s^! cm?) C/E* 


PHITS3.0 MCNP6.1 
27 Al(p,n-3p)^Na | (1.64 + 0.01) x 10° - - 
209 Bi(n, 4п)?06 ВЕ (8.22 + 0.09) x 104 1.01 +0.03 | 0.83 0.03 
209 Bi(n, 5n)?> Bi (4.86 + 0.25) x 104 1.06+0.06 | 1.00+ 0.06 
209Bi(n, 65)204Bj (2.23 + 0.02) x 104 0.83 + 0.02 |0.92 + 0.04 
209 Bi(n, 7п)203 Bi (1.42 + 0.04) x 104 0.69 + 0.03 | 0.81 + 0.04 
209 Bi(n, 8)202Ві (0.35 + 0.01) x 104 0.99 + 0.06 | 1.08 + 0.07 


C/E*: Calculation/Experiment 


For experimental analyses of over 20 MeV neutrons and 100 MeV protons, a 
choice of the INCL model of PHITS3.0 or MCNP6.1 with LAHET150 still remained 
for examining the validity of 7°°Bi(n, 7n)? Bi reaction rate analyses. Meanwhile, 
the PHITS3.0 and the MCNP6.1 codes were significantly similar with respect to 
the reconstruction of reaction rates over 20 MeV neutrons and 100 MeV protons, 
through a comparative study on a suitable combination (Table 5.13) of the Monte 
Carlo codes and nuclear data libraries. 
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5.5 Conclusion 


The ADS experiments with 100 MeV protons were carried out at KUCA to evaluate 
the accuracy of experiments and calculations in subcritical states, when the kind of 
solid target (W, W-Be and Pb-Bi) used was varied at the location of the target. The 
analyses of neutron multiplication and subcritical multiplication factor demonstrated 
a fairly good comparison between the experiments and the calculations. 

Reaction rate experiments were carried out on ADS with spallation neutrons to 
examine the accuracy of reaction rates by the foil activation method at various subcrit- 
icalities. A comparison between measured and calculated !'*In(n, y)! 6"In reaction 
rate distributions in the subcritical cores proved the reliability of the MCNP simula- 
tions through analyses of ks. The reaction rates by the activation foils for threshold 
energy were compared significantly with the discrepancy between experiments and 
calculations, and the dependence of reaction rates on subcriticality. Furthermore, the 
In ratio was proposed to examine neutron spectrum information on ADS by two 
different In reaction rate distributions, as another neutron spectrum index, and the 
validation of the In ratio was well supported by the comparison between experiments 
and calculations. 

Neutron spectrum experiments on spallation neutrons were conducted in the ADS 
facility at KUCA to investigate the neutronic characteristics of spallation neutrons 
generated at the target. The reaction rates and the continuous energy distribution of 
spallation neutrons were measured by the foil activation method and by the organic 
liquid scintillator, respectively. For the reaction rate experiments of ??Bi foil, the 
C/E values between the experiments and the calculations (MCNPX and ENDF/B- 
VD were found well within the relative difference of 10% (9 Bi(n, xn)?!°-*Bi; 
x = 4—7), except for some reactions (x = 8). For continuous energy distribu- 
tion experiments, the spallation neutrons were observed up to 45 MeV with the 
use of the organic liquid scintillator and the numerical simulations (MCNPX with 
JENDL/HE-2007 and ENDF/B-VI.6). Moreover, a suitable combination of Monte 
Carlo codes and the nuclear data libraries was investigated for reaction rate anal- 
yses of high-energy neutrons and protons. The ratio of high-energy neutrons under 
20 and 100 MeV protons was successfully reconstructed by combining JENDL-4.0 
and the INCL model of the PHITS3.0 code, showing a relative difference of about 
1096 between experiments and calculations. For high-energy neutrons over 20 MeV, 
the Monte Carlo codes together with JENDL/HE-2007 for high-energy neutrons 
and LAHET150 for protons demonstrated significant agreement through 20Ві(л, 
xn)^10—*Bi reaction rate analyses. 
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Chapter 6 A) 
Nuclear Transmutation of Minor Che for 
Actinide 


Cheol Ho Pyeon 


Abstract Integral experiments on critical irradiation of neuptium-237 (?"Np) and 
americium-241 (24! Am) foils are carried out in a hard spectrum core at KUCA with 
the use of the back-to-back fission chamber, and Monte Carlo calculations together 
with a reference nuclear data library are conducted for confirming the precision of 
numerical simulations. Subcritical irradiation of minor actinide (MA) by ADS is a 
very important step, before operating actual ADS facilities, in a critical assembly at 
zero power, such as KUCA, which is an exclusive facility for ADS that comprises a 
uranium-235 (25517) fueled core and а 100 MeV proton accelerator. The first signif- 
icant attempt is made to demonstrate the principle of nuclear transmutation of MA 
by ADS through the injection of high-energy neutrons into the KUCA core at a 
subcritical state. Here, the main targets of nuclear transmutation of MA by the ADS 
experiments are fission reactions of "Np and ?*! Am, and capture reactions of "Np. 


Keywords Nuclear transmutation * Minor actinides - ВТВ fission chamber - 
Neptunium-237 ‹ Americium-241 


6.1 Integral Experiments at Critical State 


6.1.1 Critical Irradiation Experiments 


6.1.1.1 Core Configuration 


Critical irradiation experiments [1] were carried out in the A-core (reference core; 
Fig. 6.1) that has polyethylene (PE) moderator and reflector rods, and two fuel 
assemblies: normal “F” and special "f" (Fig. 6.2a, b, respectively). The normal fuel 
assembly “Е” is composed of 60 unit cells, and upper and lower polyethylene blocks 
about 23" and 21" long, respectively, in an aluminum (AI) sheath (2.1 x 2.1 x 60”). 
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Fig. 6.1 Top view of the KUCA core (reference core) for critical irradiation experiments on MA 
(Ref. [1]) 


A unit cell is composed of two highly enriched uranium (HEU) fuel plates 2 x 2" 
square and 1/8" thick (1/16" x 2), polyethylene plates 2 x 2" square and 1/8" thick, 
for the normal fuel plate “Е” (HEU-PE). The special fuel assembly “Р? (HEU-Pb) is 
composed of 40 unit cells with two HEU fuel plates 1/8" (1/16" x 2) thick, lead (Pb) 
plate 2 x 2" square and 1/8" thick, 20 unit cells of HEU and polyethylene plates as 
well as in the normal fuel assembly. 


6.1.1.2 Back-to-Back Fission Chamber 


Critical irradiation experiments for measuring the fission reaction rate ratio were 
carried out with the back-to-back (BTB) fission chamber (Fig. 6.3) set inside a special 
void element, containing two foils: a test foil neptunium-237 (237Мр) or americium- 
241 (2 Am) and a reference one uranium-235 (2350). The reference foil 2351) was 
a normalization factor that has the fission reactions ??U(n, f), to obtain two fission 
reaction rate ratios: 2"Np/2?U and 241 Am/2?U. The main characteristic of the ВТВ 
chamber is to obtain uniquely an original signal of fission event of one foil attached 
at the position of sample deposit, and a different signal of fission event of the other 
foil attached at the opposite side without any disturbance of the foil on the front 
side. The chamber has a structure of separating it from two electro-deposited foils 
that receive independently pulsed signals of fission events accumulated as electric 
pulses generated by fission fragments through the ionization process of filling gas 
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Fig. 6.2 Schematic drawing of fuel assemblies in the КОСА A-core (Fig. 6.1) (Ref. [1]) 
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Fig. 6.3 BTB fission chamber (Ref. [1]) 
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(97% argon and 3% nitrogen). For measuring capture reaction rate ratio, a test foil 
237Np was set in the BTB fission chamber, and a reference foil gold-197 (197 Au) 
was attached to the А1 sheath containing the chamber. The reference foil 197 Au was 
a normalization factor that has the capture reactions 197 Au(n, y) 95 Ап, to obtain 
capture reaction rate ratio: 227Чр/197 Au. 

The BTB fission chamber was set at the special void element position in HEU-Pb 
zone (15, O; Fig. 6.4a), whereas in HEU-PE zone the position was (15, K; Fig. 6.4b). 
The hard and intermediate spectra are shown in Fig. 6.5. As shown in Fig. 6.4a, 
b, one and five normal fuel assemblies were added to the cores, respectively, when 
comparing with reference core shown in Fig. 6.1. Further fuel assemblies were added 
to reach criticality for two irradiation experiments at the critical state shown in 
Table 6.1. A series of critical irradiation experiments on 237Мр and 24! Am foils was 
conducted under the following core conditions: irradiation time 1 h; reactor power 
3.5 W; neutron flux (4.73 + 0.24) x 107 $! cm?. 


6.1.1.3 27Np and 2 Am Foils 


Two 237Мр and 241 Am thin test foils (both 99.99% purity, 20 mm diameter, and 
4 nm thick), electro-deposited on Al backing (28 mm diameter and 0.2 mm thick), 
had an isotopic mass, respectively, equal to 89 and 15 ug as shown in Table 6.2. 
Thin 2350 reference foils (20 mm diameter апа 0.6 nm thick, 5 or 10 ме weight), 
used to determine the fission reaction rate ratios, had a 99.91% enrichment. Test and 
reference 237Мр and !?7 Ап foils (8 mm diameter апа 0.05 mm thick) were used to 
determine the capture reaction rate ratio. After the irradiation at critical state, "Np 
and !?7 Au capture reaction rates were deduced by the saturated radioactivity obtained 
from the y-ray spectra of irradiated test and reference foils, respectively, with the 
use of a high-purity germanium (HPGe) detector. The y-ray energy generated by 
the capture reactions was as follows: 984.45, 1025.87, and 1028.53 keV in 237Np; 
411.80 keV in |97 Ап, as shown in Table 6.3. 


6.1.2 Experimental Analyses 


6.1.2.1 Experimental Analyses 


During the irradiation experiments, the pulsed-height signals (voltage) induced by 
fission reactions were stored by the use of a multi-channel analyzer to discriminate 
the signals originated from fission products generated by fission reactions. In the 
HEU-Pb zone, pulsed-height distributions were clearly observed at two peaks of 
237 NIS (2.0 V and 5.0 V) апа 2350 (1.6 У and 3.4 V) foils attributed to light and heavy 
fragments in fission products, as shown in Fig. 6.6, demonstrating the counts by their 
fission reactions. For ?*! Am, one peak (0.1 V) was observed in the pulsed-height 
distribution shown in Fig. 6.7, and the counts by fission reactions were obtained by 
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Fig. 6.5 Calculated neutron 
spectra (MCNP6.1 with 
ENDF/B-VII.1) of HEU-PE 
(15, K) and HEU-Pb (15, O) 
fuel zones shown in 

Figs. 6.2a, b, respectively 
(Ref. [1]) 
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Table 6.1 Positions [mm] of control and safety rods at critical state in HEU-Pb and HEU-PE cores 
in Figs. 6.4a, b, respectively (Ref. [1]) 


Measured fission reaction rate | СІ C2 C3 S4 S5 S6 

ratio 

HEU-Pb zone 

237 Np/235U (10 ше) 723.27 |1200.00 | 1200.00 | 1200.00 |1200.00 | 1200.00 
241 Am/233U (5 pg) 720.35 |1200.00 |1200.00 |1200.00 |1200.00 |1200.00 
HEU-PE zone 

237 Np/235U (5 ше) 698.23 |1200.00 | 1200.00 | 1200.00 | 1200.00 | 1200.00 
241 Am/233U (10 ше) 694.28 |1200.00 |1200.00 |1200.00 |1200.00 | 1200.00 


1200.00 [mm]: Position of upper limit 


Table 6.2 Number of atoms of 737Np, 241 Am, апа 2350 foils (Ref. [1]) 


Foil Number of atoms 

237Мр (HEU-Pb) (2.27 + 0.02) х 10!7 
237Мр (HEU-PE) (1.48 + 0.02) x 1017 
241 Am (HEU-Pb) (3.62 + 0.01) x 1015 
241 Am (HEU-PE) (3.94 + 0.01) x 1015 
?35U (5 ug) (1.31 + 0.02) x 1016 
2350 (10 ме) (2.67 + 0.02) x 1016 


Table 6.3 Main characteristics of 23TNp and |97 Au capture reactions (Ref. [1]) 


Reaction Half-life y-ray energy (keV) Emission rate (%) 
237Np (и, y) 238 Мр 2.177 а 984.45 47.8 

1025.87 9.6 

1028.53 20.3 
197 Au (n, у) 8 Au 2.69517 d 411.80 95.5 
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making lower-level discrimination about 1.0 V and integrating the count per channel 
over 1.0 V. Also, the difference in pulsed heights between 5 and 10 wg of 2350 for 
241 Am fission reaction rates was clearly observed by comparing the HEU-Pb and 
HEU-PE zones shown in Figs. 6.7 and 6.8, respectively. 

In addition to the fission reaction rates, capture reaction rates were obtained by 
measuring the y-ray of ?"Np foils in HEU-Pb and HEU-PE zones with the HPGe 
detector after the irradiation experiments, as shown in Figs. 6.9 and 6.10, respectively. 
For the 237Чр capture reaction rates, three peaks (Table 6.3) were found to be clearly 
in the y-ray measurements of two irradiation experiments in both HEU-Pb and HEU- 
PE zones, and 237Мр capture reaction rates were experimentally deduced through the 
saturated radioactivity. 
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Fig. 6.8 Measured pulsed 
heights of 2^! Am and 2351) 
fission reaction rates in 
HEU-PE zone (15, K; 

Fig. 6.4b) at critical state 
(Ref. [1]) 


Fig. 6.9 Measured y-ray 
spectrum of 227 Np capture 
reaction rates in HEU-Pb 
zone (15, O; Fig. 6.4a) at 
critical state (Ref. [1]) 


Fig. 6.10 Measured y-ray 
spectrum of 237Мр capture 
reaction rates in HEU-PE 
zone (15, K; Fig. 6.4b) at 
critical state (Ref. [1]) 
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6.1.2.2 Numerical Analyses 


Numerical analyses were carried out with the use of MCNP6.1 [2] together 
with ENDF/B-VII.1 [3]; analyses of !?"Au capture reaction rates were done with 
JENDL/D-99 [4]. The comparison between measured and calculated results, as 
shown in Table 6.4, shows a good agreement demonstrating a relative difference 
within 5% in the C/E (calculation/experiment) value for ??"Np fission reaction rates 
ratio in the HEU-Pb core. For the 4! Am fission reaction rates ratio, the C/E discrep- 
ancy was about 10% at HEU-Pb and HEU-PE zones, demonstrating a difference 
between the neutron spectra of the two zones shown іп Fig. 6.5. Here, the 227Чр 
capture reaction rate ratio revealed notably good agreement between the experi- 
ments and the calculations, as shown in Table 6.5, with a relative difference of about 
5% in C/E values. 

From the results in Tables 6.4 and 6.5, MCNP6.1 simulations with ENDF/B-VII.1 
demonstrated a fairly agreement with the experimental data of ?"Np and 2! Am 
fission and capture reaction rates. 


Table 6.4 Comparison of the 
results between experiments 
and calculations (MCNP6.1 
with ENDF/B-VIL 1) of 
fission reaction rate ratios at HEU-Pb zone 
critical state (Ref. [1]) 237Мр/2350 [0,067 + 0.001 | 0.071 + 0.004 | 0.95 + 0.06 
(10 pg) 
241 Am/255U | 0.079 = 0.003 | 0.069 + 0.001 | 1.14 + 0.05 
(5 ug) 
HEU-PE zone 
237Np25U |- _ 2 
(5 ug) 
241 Am/255U | 0.036 = 0.001 | 0.034-- 0.001 | 1.08 + 0.02 
(10 pg) 


C/E: Calculation/Experiment 


Fission Calculation Experiment С/Е 
reaction rate 
ratio 


Table ps Comparison prie Capture reaction | Calculation | Experiment | C/E 
results between experiments fateratio 
and calculations (MCNP6.1 
with ENDF/B-VII.1) of HEU-Pb zone 
capture reaction rate ratios at — 237 Np/197 Au 2.09 = 0.10 |2.15 + 0.33 (0.97 + 0.16 
critical state (Ref. [1]) 
HEU-PE zone 
237Np/1?7 Au 1.88 -- 0.08 |2.02-- 0.08 |0.93 + 0.05 


C/E: Calculation/Experiment 
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6.1.3 Discussion 


6.1.3.1 Fission Reaction Rate Ratio 


The region-wise contribution of energy was examined by MCNP6.1 and ENDF/B- 
VIL 1, юг 237М pand 241 Am fission reaction rates ratios (о 23517, with the use of reaction 
rates normalized by summarizing entire reaction rates over the whole energy. For the 
sake of comparison in Fig. 6.11, the energy distribution of ?"Np апа 2350 fission 
reaction rates are shown for the critical irradiation in the HEU-Pb zone shown in 
Fig. 6.4a, demonstrating that ?7Np fission rate has high sensitivity to fission reactions 
around a few MeV region as well as in the neutron spectrum of the HEU-Pb zone 
shown in Fig. 6.5. Also, 2351) fission reactions were found to be dominant over the 
thermal and epi-thermal neutron regions for critical irradiation in the HEU-Pb zone, 
as shown in Fig. 6.11. 

Fission reaction rates of 241 Am were acquired mainly in a few MeV region in 
HEU-Pb and HEU-PE zones shown in Figs. 6.12 and 6.13, respectively, although 
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striking peaks of 74! Am fission reactions were observed in a wide range of the thermal 
and epi-thermal neutron regions. Moreover, by comparing the results in Figs. 6.12 
and 6.13, a difference in the reaction rates energy distribution between HEU-Pb and 
HEU-PE zones was clearly observed over the entire energy regions, demonstrating 
the important effect of the neutron spectrum variation on 24! Am fission reaction rates, 
as shown in Table 6.4. 

Through numerical analyses of the region-wise contribution of energy to 23 Np and 
241 Am fission reactions, the effect of neutron spectrum variation (Fig. 6.5) between 
the HEU-Pb and HEU-PE zones was soundly confirmed on the irradiation of "Np 
апа 2 Am foils at a critical state. 


6.1.3.2 Capture Reaction Rate Ratio 


Capture reaction rates of 237Мр were successfully obtained by the measurement of 
y-ray spectra in HEU-Pb and HEU-PE zones after critical irradiation, and used for 
the evaluation of capture reaction rate ratio by comparison of 197 Au capture reaction 
rates. From the calculated capture reaction rate results in Fig. 6.14, two main peaks 
can be noticed around the thermal neutron region, and 237Чр capture reaction rates 
were found to be highly sensitive to the thermal neutron spectrum field even in the 
HEU-Pb zone. 

As shown in Table 6.5, the selection of !?" Au as reference foil was experimentally 
meaningful for the evaluation of the ?7Np/!?7 Au capture reaction rate ratio, even if 
no significant differences were observed between the results in the HEU-Pb and 
HEU-PE zones. 
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Fig. 6.14 Region-wise [x10] 
contribution of energy of 
237Мр capture reaction rates 
by MCNP calculations in 
HEU-Pb zone at critical state 
(Ref. [1]) 
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6.2 ADS Irradiation at Subcritical State 


6.2.1 Experimental Settings 


6.2.1.1 Core Configuration 


Subcritical irradiation experiments [2] of MA by ADS were carried out in the solid- 
moderated and -reflected (A-core) at KUCA by the injection of high-energy protons 
onto lead-bismuth (Pb-Bi) target. As shown in Fig. 6.15, the ADS core consists 
of normal and partial fuel assemblies, and polyethylene moderators and reflectors. 
Normal fuel assembly “Е” is composed of 60 unit cells, as shown in Fig. 6.2a. 
Numeral “12” (Fig. 6.16b) is a partial fuel assembly for reaching a critical mass, and 
represents the number of unit cells in a normal fuel assembly. 


6.2.1.2 Proton Beams 


High-energy neutrons generated by the interaction between high-energy protons and 
Pb-Bi target that set at the location of (15, H) shown in Fig. 6.15 were injected 
into the КОСА А-соге. The main characteristics of proton beams were as follows: 
100 MeV energy, 0.5 nA intensity (1 nA at most), 30 Hz pulsed frequency, and 
100 ns beam width. The Pb-Bi target was 50 mm in diameter and 18 mm thick; 
the thickness was determined by taking into account the range and the full stoppage 
of 100 MeV protons inside the Pb-Bi target [6]. During the injection of 100 MeV 
protons (no vacuum; (15, A-H) in Fig. 6.15) onto the Pb-Bi target, the size of the 
proton beam spot was about 40 mm in diameter (circle line), as demonstrated by the 
scan of the Gafchromic film [7], at the front side (end of proton beams) of Pb-Bi 
target (15, H; Fig. 6.15), that is highly sensitive to the charged particles shown in 
Fig. 6.17. Furthermore, the neutron yield was (1.33 + 0.04) x 108 s7}, as measured 
through ! In (n, п”) !?"Tn reaction rates with the use of the saturated activity that 
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BTB| BTB chamber 
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Fig. 6.15 Top view of the КОСА A-core for MA irradiation experiments by ADS (Ref. [5]) 
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Fig. 6.16 Schematic drawing of “12” partial fuel rod (Fig. 6.15) (Ref. [5]) 


was deduced by the foil activation method [8] (over 0.3 MeV threshold energy; In 
foil; 10 x 10 x 1 mm) obtained at the location of the Pb-Bi target. 


6.2.1.3 Neutron Characteristics 


For carrying out the ADS experiments, subcriticality state was made by inserting 
control rod C2 into the lower limit position (0.00 mm) and withdrawing other rods 
(C1, C3, S4, S5, and S6) fully (1200.00 mm) from the core. Subcriticality was then 
deduced experimentally by combining control rod C2 reactivity worth by the rod 


170 C. H. Pyeon 


Fig. 6.17 Scanning of 
Gafchromic film after proton 
irradiation at location of (15, 
H; Pb-Bi target) in Fig. 6.15 
(Ref. [5]) 


y length [cm] 
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x length [cm] 


drop method and control rod C2 calibration curve by the positive period method: 
about 225 + 10 pcm as a reference value, as shown in Table 6.6. Additionally, the 
supplemental result obtained by the o-fitting method [9] was 215 + 9 pcm. During 
the injection of high-energy neutrons into the core, the reactor power and the neutron 
flux were experimentally obtained by the foil activation method [8] with the use of 
two gold foils (bare and cadmium-covered) irradiated at the location between (15, 
M) and (15, О) in Fig. 6.15 as follows: 1.35 + 0.07 W and (1.82 + 0.09) x 107 
Іспа”2, respectively, for four hours of irradiation. 


s cm 

The neutron spectrum was numerically attained by the PHITS code [11], for the 
locations of the Pb-Bi target and the BTB fission chamber during the injection of 
high-energy neutrons, as shown in Fig. 6.18a, b, respectively. At the location of Pb- 
Bi target, high-energy neutrons showed a sharp peak around 2 MeV region and a 
unique distribution ranging between 10 and 100 MeV, as shown in Fig. 6.18a. In spite 
of small effect of high-energy neutrons over 10 MeV in ADS, as shown in Fig. 6.18b, 
no significant difference between the neutron spectra in ADS and critical cores was 
found at the location of the BTB fission chamber (15, O; Fig. 6.15). 


Table 6.6 Measured core condition during injection of high-energy neutrons (Ref. [5]) 


Subcriticality [pcm] Subcriticality [pcm] Neutron flux (87! Reactor power (W) 
(Reference) (by a-fitting method) cm 2) 
225 + 10 215+9 (1.82 + 0.09) x 107 1.35 + 0.07 


Вау = 810+ 10 [pem] and A = (3.30 + 0.01) x 105 [s] by MCNP6.1 (Ref. [3]) with JENDL-4.0 
(Ref. [10]) 
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Fig. 6.18 Calculated neutron spectra (PHITS) at locations of (15, H) and (15, O) in Fig. 6.15 (Ref. 
[5D 


6.2.1.4 ?"Np and 241 Am Foils 


To measure fission and capture reactions of 2 №р and 24! Am (both 99.99% purity, 
89 ug and 15 ug weight, respectively), ће BTB fission chamber was used in subcrit- 
ical irradiation experiments and set at the location of (15, O; Fig. 6.15) of a special 
void element. The main function of the BTB chamber is to obtain simultaneously two 
signals from specially installed test (227Чр or ?*! Am) and reference (2251); 99.91% 
enrichment, 10 ug weight) foils. For fission reaction rates, the two main signals from 
the test and reference foils come from electric ones of fission fragments caused by 
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fission events. Capture reaction rates of ?7Np and 197 Ап were deduced by the satu- 
rated radioactivity [8] obtained from two signals of the y-ray emission of the "Np 
test foil in ће BTB chamber and the !?"Au reference one that set at the location 
of (15, O) of the AI sheath (special void element), with the use of a germanium 
detector. From the two signals of test and reference foils, the fission reaction rate 
ratio was experimentally acquired by ?7Np/??U ог ?*! Am/**5U, and the capture one 
by 237Чр/!97 Au, and finally, validated by comparison with previous experimental 
results [1] at a critical state. 


6.2.2 Demonstration of Nuclear Transmutation 


Fission reaction rates were experimentally obtained by the pulsed-height distribu- 
tions (voltage) of "Np апа ~4! Am fission events, as shown in Figs. 6.19a, b, respec- 
tively, demonstrating original electric signals of test and reference foils. As shown in 
Fig. 6.192, the fission events of two ?"Np and ??U foils were clearly observed over 
entire pulsed heights. Moreover, for 24! Am and 2350 shown in Fig. 6.19b, discrim- 
ination between the signals of fission fragments and a-ray induced by ?*' Am was 
made at 1.2 V, determining the small fission events by 24! Am over 1.2 V and the same 
fission events by 2357 over the entire pulsed heights, as confirmed in the critical irra- 
diation [1]. Meanwhile, the difference between pulsed-height distributions of 2350 
shown in Figs. 6.19a, b was mainly attributable to reproducibility of the gain in the 
BTB fission chamber when changing the ??U sample installed. The fission reaction 
rate ratio determined by the experimental results was found to be a notable 0.048 
+ 0.001 and 0.035 + 0.003 for 227Чр/23517 апа 24! Am/??U, respectively, the same 
as at critical irradiation shown in Table 6.7, although no data of ?"Np/??U were 
obtained at critical irradiation due to invalid data acquisition of two electric signals 
(237 №р апа 25517) actuated in the BTB fission chamber. 

The capture reaction rate ratio was deduced by the saturated radioactivity on the 
basis of the y-ray emission of 227Чр and 197 Au capture reactions (Fig. 6.20 and 
Table 6.8) was found to be a remarkable 1.88 4 0.28, almost the same as at critical 
irradiation shown in Table 6.9. 

From the results of fission and capture reaction rate ratios shown in Tables 6.7 
and 6.9, respectively, fission and capture reaction events by ADS were successfully 
confirmed, and as a conclusion, nuclear transmutation of 237Мр апа 21 Am by ADS 
was experimentally achieved and demonstrated in the KUCA core. 


6.3 Conclusion 


The integral experiments on irradiation of ?7Np and 24! Am in cores at critical condi- 
tions were carried out in the KUCA A-core with a neutron hard spectrum. The fission 
reaction rate ratios (237Чр/2357) and 241 Am/??U) and the capture reaction rate ratio 
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Fig. 6.19 Measured pulsed 
heights of 27Np, 241 Am, and 
2351) fission reaction rates at 
subcritical state (Ref. [5]) 


Table 6.7 Comparison of the 
results of fission reaction rate 
ratio at subcritical and critical 
states (Ref. [5]) 
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237 Np. /235 U 


0.048 3 


241 Am/23> U 


0.035 3 


- 0.001 


(237 №р/!?? Au) were measured by a ВТВ (back-to-back) fission chamber. To inves- 
tigate the behavior of ?7Np and 21 Am fission and capture reaction rates in the 
КОСА A-core, results were deeply analyzed by both the experimental signals from 
the BTB fission chamber and the numerical results of MCNP6.1 calculations with 
ENDF/B-VII.1. The calculated decomposition in energy of the fission and capture 
reaction rates allowed us to isolate the most important energy regions in the responses. 
From the results of experimental and numerical analyses, integral experiments on 
the irradiation of MA in cores at critical conditions were successfully carried out 
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Fig. 6.20 Measured y-ray 600 m~~ 
spectrum of 2?" Np capture 
reaction rates at subcritical 
state (Ref. [5]) 


500 


984.45 keV 


1028.53 keV 
400 1025.87 keV 


300 


Counts [Arbitrary units] 


2001-ға. ПИРИ аллаа ПИРИ 
960 980 1000 1020 1040 


Energy [keV] 


Table 6.8 Main characteristics of 237Np and !97Au capture reactions (Ref. [5]) 


Reaction Half-life y-ray energy (keV) Emission rate (%) 
237Np (п, y) ?38Np 2.1774 984.45 27.8 

1025.87 9.6 

1028.53 20.3 
197 Au (n, ү) I98Au 2.69517 d 411.80 95.5 


Table 6.9 Comparison of the results of capture reaction rate ratio at subcritical and critical states 
(Ref. [5]) 


Subcritical state 


Reaction rate ratio 


237Np/1?7 Au 


Critical state (Ref. [1]) 
1.88 + 0.08 


in the KUCA-A hard spectrum cores. In future studies, nuclear transmutation of 
MA by ADS is foreseen for implementation at KUCA, with the combined use of 
a hard spectrum core and 100 MeV protons, on the basis of measured and calcu- 
lated methodologies obtained in the current at critical core conditions irradiation 
experiments on MA. 

100 MeV proton beams were injected onto the Pb-Bi target, and subcritical irra- 
diation experiments of MA (?"Np апа 24! Am) by ADS were carried out with the 
use of high-energy neutrons generated by the interaction of 100 MeV protons and 
the Pb-Bi target. In the subcritical irradiation experiments, fission reaction rates of 
?3 Np and 24! Am were acquired by the electric signals of fission fragments obtained 
from the BTB fission chamber, and capture reaction rates of "Np were obtained by 
the measurement of the y-ray spectrum after the irradiation. Here, for the first time, 
nuclear transmutation of ?7Np and 241 Am was soundly implemented by ADS that 
comprises a subcritical core and а 100 MeV proton accelerator with Pb-Bi target, 
and demonstrated at KUCA through the experimental results of the reaction rate ratio 
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obtained by combining the test (fission: ?"Np and 24! Am; capture: 237Чр) and the 
reference (fission: 2350; capture: 197 Au) foils. 
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Chapter 7 A) 
Neutronics of Lead and Bismuth E 


Cheol Ho Pyeon 


Abstract Cross-section uncertainties of Pb and Bi isotopes could consequently 
affect the precision of nuclear design calculations of preliminary analyses, before the 
actual operation of upcoming ADS, since Pb and Bi are composed partly of coolant 
material (lead-bismuth eutectic: LBE) in ADS facilities. The main characteristics 
of LBE in ADS are recognized as follows: chemically inactive; high boiling point 
mechanically; excellent neutron economy caused by large scattering cross sections. 
From the viewpoint of neutronics, LBE exerts considerable impact on nuclear design 
parameters for numerical simulations of neutron interactions of Pb and Bi isotopes. 
As a suitable way of investigating cross-section uncertainties, sample reactivity worth 
measurements in critical states are considered effective with the use of reference and 
test materials in a zero-power state, such as a critical assembly, because integral 
parameter information on cross sections of test materials can be acquired experi- 
mentally. For the required experimental study on Pb and Bi nuclear data uncertain- 
ties, the sample reactivity worth experiments are carried out at the KUCA core by 
the substitution of reference (aluminum) for test (Pb or Bi) materials, and numer- 
ical simulations are performed with stochastic and deterministic calculation codes 
together with major nuclear data libraries. 


Keywords Sensitivity - Uncertainty * Sample reactivity worth * Lead - Bismuth 


7.1 Sample Reactivity Worth Experiments 


7.1.1 Core Configuration 


7.1.1.1 Lead Sample Reactivity Worth 


The lead (Pb) sample reactivity experiments [1, 2] were carried out in the A-core 


669? 2 


(Fig. 7.1) that has polyethylene moderator (polyethylene “р” in Fig. 7.1) and reflector 
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Fig. 7.1 Top view of the KUCA A-core in sample reactivity experiments (Reference core) (Ref. 
[1]) 


(conventional polyethylene) rods, and four different fuel assemblies: normal “F,” 
partials “40” and “14,” and reference “Р” fuel assemblies (Figs. 7.2a—d, respectively). 
Normal fuel assembly “Е” is composed of 60 unit cells, and upper and lower polyethy- 
lene blocks about 24" and 21” long, respectively, in an aluminum (AI) sheath. For 
the normal and partial fuel assemblies, a unit cell in the fuel region is composed of 
a highly enriched uranium (HEU) fuel plate 1/16" thick and polyethylene plate 1/8" 
thick. The numerals 40 and 14 correspond to the number of fuel plates in the partial 
fuel assembly used for reaching the criticality mass. The reference fuel assembly “Р” 
is composed of 40 unit cells with ап HEU fuel plate 1/16" thick and Al plate 1/16" 
thick, 20 unit cells of HEU and the polyethylene plate as in the normal fuel assembly, 
as shown in Fig. 7.2d. 


7.1.1.2 Bismuth Sample Reactivity Worth 


The bismuth (Bi) sample reactivity worth experiments [3] were carried out in the 
A-core (Fig. 7.3), which has polyethylene moderator and reflector rods, and four 
different fuel assemblies, including HEU, polyethylene moderator (p), polyethylene 
reflector (PE), graphite (Gr) and Al plate: normal “Е” partials “40” апа “14” and test 
"f? (Figs. 7.4a—d, respectively). 
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(b) “40” partial fuel rod (1/8”p40EUEU) in Fig. 7.1 
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Fig. 7.2 Schematic drawing of fuel assemblies in the КОСА А-соге (Fig. 7.1) (Ref. [1]) 
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Fig. 7.3 Top view of the KUCA A-core in Bi sample reactivity worth experiments (Reference core) 
(Ref. [3]) 


7.1.2 Experimental Settings 


In the sample reactivity experiments, a test-zoned fuel region was arranged for 
measuring the effects of substituting Al plates for Pb or Bi ones upon the criticality. 
In the test zone, five test fuel assemblies were set around the core at positions (14, 
М), (15, L), (15, M), (15, О) and (16, M), as shown in Figs. 7.1 and 7.3. The patterns 
of sample reactivity experiments were ranging between three and five, as shown in 
Fig. 7.5, substituting the reference fuel rods for Pb or Bi fuel rods. The test fuel rod 
was the same as in the reference fuel rod substituting Al plates for Pb or Bi ones 
shown in Fig. 7.6. The spectrum of experimental core at KUCA was compared with 
that of LBE core [4] in the JAEA ADS model, as shown in Fig. 7.7. The experimental 
core was a relatively hard spectrum one implemented in KUCA, though not to a fast 
spectrum core in actual ADS. The substitution was conducted in a total of 40 unit 
cells of the central region of fuel rods, such as changing Al plates in Figs. 7.24 and 
7.44 into Pb and Bi ones in Figs. 7.6a, b, respectively. The sample reactivity caused 
by the substitution was experimentally obtained through the difference between the 
excess reactivities of Al reference core and Pb or Bi test core. In the experiments, the 
critical state was adjusted by maintaining the control rods (C1, C2 and C3) in certain 
positions shown in Tables 7.1 and 7.2; the excess reactivity was then deduced by the 
difference between the critical and super-critical states in the core. The experimental 
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Fig. 7.4 Schematic drawing of fuel assemblies (Fig. 7.3) in the A-core (Ref. [3]) 
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Fig. 7.5 Patterns of sample reactivity worth experiments (Refs. [1—3]) 


excess reactivity was obtained with the combined use of both the reactivity worth of 
each control rod evaluated by the rod drop method and its integral calibration curve 
obtained by the positive period method. 

The estimated experimental error of excess reactivity measurement was less than 
5%. In the Al reference and Pb or Bi test cores, the effective delayed neutron fraction 
(Век) was acquired by MCNP6.1 [5] (2,000 active cycles of 50,000 histories; 2 
pem statistical error) with JENDL-4.0, [6] and the values of 798 and 801 pcm were 
applied to these two cores, respectively, when the excess reactivity in dollar units 
was converted into that in pcm units. 
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Table 7.1 Control rod positions at critical state in Al reference and Pb test cores (Cases 1 through 


4) (Ref. [1]) 


Rod position [mm] 
Core СІ C2 C3 54, S5, S6 
Reference 1200.00 712.58 1200.00 1200.00 
Case 1 1200.00 648.23 1200.00 1200.00 
Case 2 1200.00 637.59 1200.00 1200.00 
Case 3 1200.00 614.86 1200.00 1200.00 
Case 4 1200.00 607.95 1200.00 1200.00 


1200.00 [mm]: Position of upper limit 


Table 7.2. Control rod positions at critical state in Al reference and Bi test cores (Cases 1 through 


4) Ref. [3]) 


Rod position [mm] 
Core СІ C2 C3 54, S5, S6 
Reference 1200.00 715.57 1200.00 1200.00 
Case 1 1200.00 676.77 1200.00 1200.00 
Case 2 1200.00 662.37 1200.00 1200.00 
Case 3 1200.00 663.32 1200.00 1200.00 
Case 4 1200.00 658.28 1200.00 1200.00 


1200.00 [mm]: Position of upper limit 


7.22 Monte Carlo Analyses 


7.2.1 Evaluation Method 


Experimental sample reactivity worth Apso s, was deduced by the difference 


қына Exp,Al Exp,Pb , m : 
between two excess reactivities An and Ao. obtained by the positive period 
method in the reference and test cores, respectively, as follows, when the Al plates 


were substituted for the Pb (or Bi) ones: 


Exp __ Ехр,Рь ExpAl __ 1 1 
APAI Pb = Excess — PExcess = [= Exp,Pb epis Exp,Al 


Klean Коеап 
1 1 1 
ETT = еее” (74) 
Clean Clean 


where йыр ! and i indicate the effective multiplication factors deduced by the 


experimental excess reactivities obtained in super-critical cores (clean core) before 
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(Al) and after (Pb or Bi) substituting Al plates for Pb ones, respectively, under the 
condition of all the control and safety rods withdrawn. 

In the MCNP analyses, numerical sample reactivity worth ADEL was deduced 
by the difference between two excess reactivities Anm NA] and An СР P^ in the 
reference and test cores, respectively, as follows, with the same method as that of 


experimental sample reactivity: 


AgMCNP — ОМСМРРЬ _ „MCNP.AI _ 1 1 
DAI Pb — PExcess Excess s | MCNEPb íMCNEPb 
Critical Clean 
1 1 75 
í MCNPAI Xf MCNPAI ý ( у ) 
Critical Clean 


MCNPAI MCNPPb . 4. А NUNT А 
where kc, and Кее” indicate the effective multiplication factors in super- 


critical cores before and after substituting AI plates for Pb ones, respectively. Also, 
т апа p need to be defined as the values of the effective multiplication 
factors in critical cores before and after substituting AI plates for Pb ones, since these 
numerical values always are not unity. 

On the basis of the experimental methodology shown in Eq. (7.1), the numerical 
approach of sample reactivity worth Api o can be generally expressed as follows, 


in case of substituting AI plates for Pb ones: 


Cal _ Cab Сад - 1 1 
ADAI s pb =PExcess — PExcess = 1 еи КСА! 
Clean Clean 
1 1 zA 
E CES B Ca. b > (7.3) 
Clean Clean 
Cal,Al CalPb ; 4: | Су кес А m 
where Кын and k indicate the effective multiplication factors in super-critical 
Clean Clean 
cores. 


Numerical sample reactivity A in Eq. (7.2) can be rewritten with the use 


of the concept of Eq. (7.3), as follows: 


AgMCNP __,„МСМРРЬ _ „MCNP.AI _ 1 1 
DA] Pb = PExcess Excess  ^- jJ MCNBPb  MCNP.Pb 
Critical Clean 
1 1 
МС?РА! 4 MCNPAI 
Critical Clean 
1 1 
— д MCNP 
=A Critical, Al—Pb ЕЯ ЕМСМА! j MCNBPb , (7.4) 


Clean Clean 
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where ААС AL pp indicates the difference between inverse values of eigenvalue 
calculations in the two critical states evaluated by MCNP6.1. Here, the first term in 
Еа. (7.4) is defined as “criticality bias" as follows: 


1 1 


AMCNP МИ 
Critical,Al> Pb ^7 МОМА! j MCNP.Pb : 
Critical Critical 


(7.5) 


By introducing the evaluation methodology of the numerical sample reactivity 
worth shown in Eq. (7.3), ANE desta is investigated on the numerical 
sample reactivity worth as follows, when the nuclear data libraries and isotopes 


are varied in the MCNP calculations: 


AMCNPAI Pb = 1 1 
Cleanj40—xxx,yy—zzz 7” íMCNPAI К MCNPPb 
Clean,J40,All Clean,J40,All 
1 1 76 
J MCNPAI MCNP,Pb ? ( у ) 
ean,xxx, yy—zzz еап,ххх, yy —zzz 
СІ СІ 


where J40 indicates the JENDL-4.0 library, АП all the related isotopes and xxx а 
suitable choice of three nuclear data libraries: JENDL-3.3 [7], ENDF/B-VII.O [8] 
and JEFF-3.1 [9], yy an isotope and zzz a mass of isotopes. 


7.2.2 Lead Sample Reactivity Worth 


7.2.21 Numerical Simulations 


The numerical analyses were conducted with the use of MCNP6.1 together with 
the JENDL-3.3, JENDL-4.0, ENDF/B-VII.0 and JEFF-3.1 for transport. For actual 
experimental analyses, the capability of eigenvalue calculations by MCNP6.1 was 
useful to be discussed with the use of JENDL-4.0 in processing important data 
analyses. Also, JENDL-4.0, as a reference library, was compared with the other 
nuclear data libraries to reveal its uncertainty. 

In the reference core shown in Fig. 7.1, criticality was reached by adjusting the 
position of control rod C2 and withdrawing control rods C1 and C3, and safety rods 
54, S5 and 56 from the core, and excess reactivity was deduced with the combined 
use of control rod worth (C2) by the rod drop method and its calibration curve by the 
positive period method. The measured excess reactivity was within an uncertainty 
of 596, and compared with the numerical one as shown in Table 7.3. The numerical 
excess reactivity was obtained by the MCNP6.1 eigenvalue calculations with JENDL- 
4.0 within a statistical error of 2 pcm through 2,000 active cycles of 25,000 histories 
and estimated with the use of the two eigenvalue calculations in critical and super- 
critical states. From a comparison between measured and calculated results shown 
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Table 7.3 Comparison between the results of measured and calculated excess reactivities in 
reference core shown in Fig. 7.1 (Ref. [1]) 


Calculation [pem] Experiment [pcm] C/E* 
98 +6 92 + 5 1.07 + 0.09 


С/Е*: calculation/experiment 


Table 7.4 Comparison between the results of measured and calculated control rod worth іп 
reference core shown in Fig. 7.1 (Ref. [1]) 


Rod Calculation [pem] Experiment [pcm] C/E 

CI 1003 + 6 980 + 29 1.02 + 0.03 
C2 447 = 6 442 = 13 1.01 = 0.03 
C3 356 + 6 364 + 11 0.98 + 0.03 


(Вен = 798 [pcm] and A = 3.394E-05 (s) by MCNP6.1 with JENDL-4.0) 


in Table 7.3, the C/E (calculation/experiment) value revealed good agreement with 
a relative difference of 7%. 

Furthermore, in the reference core, the measured control rod worth was compared 
with the calculated one, using the same method as for the excess reactivity. The 
results are as shown in Table 7.4. The MCNP eigenvalue calculations reproduced 
the experimental results of control rod worth accurately, with the C/E values within 
2%, ranging between 350 and 1,000 pcm, regardless of the kind of control rod used 
(Table 7.4). 


7.2.2.2 Eigenvalue Bias 


On the basis of Eq. (7.2), numerical analyses of sample reactivity were conducted by 
the MCNP6.1 eigenvalue calculations with nuclear data libraries as in Sect. 7.2.2.1. 
In numerical simulations, sample reactivity worth was obtained by the two eigen- 
value calculations in both critical and super-critical states: the difference between the 
inverse values of eigenvalue calculations in the two states. The calculated results of 
the sample reactivity were obtained by varying the nuclear data libraries, as shown in 
Table 7.5 (comparison between Eqs. (7.1) and (7.2)), and, through an estimation of 
C/E values, were compared at a high accuracy with the experimental results in almost 
all cases, regardless of the kind of nuclear data libraries used. From the calculated 
results in Tables 7.3 through 7.5, the precision of MCNP6.1 with JENDL-4.0 was 
considered fairly good in the eigenvalue calculations, and JENDL-4.0 was found 
reliable as a reference nuclear data library, comparing it with JENDL-3.3. 

Prior to the MCNP numerical analyses, in the experiment results, interesting 
discussions were provided from two aspects. First, the positive reactivity effect was 
found in the sample reactivity experiments substituting Al plates for Pb ones, and 
was mainly attributable to the difference between the values of moderating ratio 
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Table7.5 Comparison between the results of measured and calculated sample reactivities evaluated 
by Eqs. (7.1) and (7.2), respectively, by substituting AI plates for Pb ones as shown in Fig. 7.5 (Ref. 
[1p 


Core Experiment [pcm] | C/E 
JENDL-4.0 |JENDL-3.3 | ENDF/B-VIL.O | JEFF-3.1 


Casel |94-5 0.93 + 0.11 |0.91= 0.11 |0.88 +0.11 0.99 = 0.11 
Case2 |110-Е6 0.85 = 0.09 |0.95 + 0.09 | 1.01 + 0.09 1.08 = 0.09 
Case3 | 145 +7 0.97 = 0.07 | 1.01 + 0.07 1.06 + 0.07 1.02 + 0.07 
Сазе 4 | 156+ 8 0.94 = 0.06 11.03 + 0.06 | 1.02 = 0.06 1.04 + 0.06 


(EX;/Xaq: Е, X, and X, indicate the average logarithmic energy decrement, macro 
cross sections of scattering and absorption, respectively.) in Al and Pb. Second, 
while the number of substitution of fuel rods was the same as in both Cases 1 and 2, 
a significant difference between sample reactivities was involved in the forward and 
adjoint functions of reactivity defined in the First-order perturbation theory with the 
variation of core sizes in horizontal and vertical directions shown in Fig. 7.1. 


7.2.2.3  Criticality Bias 


As discussed in Sect. 7.2, the ability of MCNP6.1 calculations was confirmed in 
terms of the general definition of sample reactivity by the MCNP approach. Here, the 
main objective of this study was to compare the experimental and numerical sample 
reactivities defined in Eqs. (7.1) and (7.3), respectively. By comparing Eqs. (7.1) 
and (7.3), as shown in Table 7.6, considering the uncertainties of C/E values, the 
accuracy of the numerical analyses by MCNP6.1 with JENDL-4.0 demonstrated 
a relative difference of about 5% and an overestimation by more than 5096 with 
JENDL-3.3. By comparing JENDL-3.3 and JENDL-4.0, the calculated values with 
JENDL-4.0 improved more with a high accuracy of 3096 in the C/E values than 
with the values calculated with JENDL-3.3. Regarding libraries ENDF/B-VII.0 and 
JEFF-3.1, the calculated sample reactivities were considered well within the relative 
difference of 1096 as shown in Table 7.6. 


Table7.6 Comparison between the results of measured and calculated sample reactivities evaluated 
by Eqs. (7.1) and (7.3), respectively, by substituting AI plates for Pb ones as shown in Fig. 7.5 (Ref. 
[1]) 

Соге Experiment [pcm] | C/E 


JENDL-4.0 |JENDL-3.3 |ЕМОЕ/В-УП.0 | JEFF-3.1 


Casel |94 + 5 1.13 + 0.10 1.63 + 0.13 0.79 + 0.08 0.89 + 0.09 
Case2 |110 +6 1.07 = 0.08 1.53 0.10 0.85 + 0.07 0.97 + 0.07 
Case3 | 145 +7 1.12 = 0.06 1.65 + 0.08 0.94 + 0.05 1.00 + 0.05 
Case4 | 156 + 8 1.13 = 0.06 |1.76 0.08 0.94 + 0.05 0.98 + 0.05 
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Mention should be made, however, of the accuracy of the numerical analyses 
obtained by MCNP with the four libraries, especially the absolute values by JENDL- 
4.0, as shown in Table 7.6. Further investigation was needed to find the reason for 
the discrepancy of unit C/E values with JENDL-4.0. Consequently, in addition to the 
concept of eigenvalue bias mentioned in Sect. 7.2.2.2, a different evaluation, here 
termed “criticality bias,” of sample reactivity worth was introduced to investigate 
C/E discrepancy, when the formulation of sample reactivity by MCNP6.1 defined 
in Eq. (7.2) is changed to that in Eq. (7.4). As shown in Eq. (7.5), the criticality 
bias ЛМСМЕ AL pp by the MCNP approach was obtained by the difference between 
reactivity-like criticalities in critical cores by substituting of Al plates for Pb ones, and 
interpreted as a bias of reactivity induced by the difference between the experiments 
and the eigenvalue calculations. By the introduction of criticality bias in Eq. (7.5), a 
small discrepancy in C/E values (Table 7.6) was found in the numerical simulations. 

On the basis of Eq. (7.5), criticality bias АМСМ Aj, рь Was compared with each 
nuclear data library as shown in Fig. 7.8 and Table 7.7. JENDL-4.0 revealed the 
bias around 20 pcm; JENDL-3.3 a further bias ranging between 50 and 100 pcm; 
ENDF/B-VII.0 a relatively small bias less than 20 pcm, compared with the JENDL 
libraries. Among the four libraries, JEFF-3.1 compared favorably with a small bias 
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Table 7.7 Comparison between the results of criticality bias by four nuclear data libraries 
corresponding to Fig. 7.8 (Ref. [1]) 


Core Criticality bias [pcm] 

JENDL-4.0 JENDL-3.3 ENDF/B-VII.O JEFF-3.1 
Case 1 19.04 + 5.66 53.04 + 5.66 —8.98 + 5.65 —8.97 + 5.65 
Case 2 24.05 + 5.66 49.04 + 5.66 —17.95 + 5.65 —12.96 + 5.65 
Case 3 21.04 + 5.66 68.05 + 5.66 —17.95 + 5.65 —3.99 + 5.65 
Case 4 30.06 + 5.66 99.04 + 5.66 —12.96 + 5.65 —9.97 + 5.65 
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around 10 pcm, and resulted in a markedly high accuracy of C/E values, as shown 
in Table 7.6. 


7.2.2.4 Discussion 


Special attention was paid to the second term in Eq. (7.4) to investigate the difference 
between JENDL libraries mentioned in Sect. 7.2.2.3. The second term in Eq. (7.4) was 
significantly demonstrated in actual sample reactivity by the MCNP analyses, as well 
as by the experiments, and the bias between JENDL-4.0 and the other libraries were 
studied with a new definition, as shown in Eq. (7.6): contribution of individual isotope 
to sample reactivity. In the analyses of differences defined in Eq. (7.6), JENDL-4.0 
was selected as the reference library, and the sample reactivities in clean cores were 
obtained, as shown in Figs. 7.9a, d along with four cases in Fig. 7.5, respectively, 
when the libraries and isotopes were varied separately: core composition materials 
of Pb isotopes, 27 AL 2350 and 23817 in the fuel rod of the core. 

A comparison between the two JENDL libraries showed a significant effect on 
the reactivity resulting from large differences among all Pb isotopes (20*РЬ, 7°°Pb, 
207Pb and 208РЬ), regardless of the magnitude of sample reactivity: especially from 
those of 7°°Pb and 207рр; contrary to that among the others (27 А1, 2350 апа 2380). 
Regarding the discussion between the two JENDL libraries, the reason for total 
difference was attributable mainly to those of all Pb isotopes through the analyses of 
differences in Eq. (7.6). As discussed in previous studies [11, 12], this fact provided 
valuable knowledge that an improvement of the inelastic scattering cross sections 
around a few MeV neutron energy region of 7°°Pb and 7°’Pb had been pointed out 
importantly in the difference between JENDL-3.3 and JENDL-4.0 libraries through 
the analyses of the Pb void reactivity in the JAEA ADS model [10] and of the Pb 
reflector effect on SEG experiments through JENDL-4.0 benchmarks [12]. From the 
results of ENDF/B-VII.O, a small effect of the difference was compared inversely 
with that in JENDL-4.0 about 20 pcm in all cases, with regard to Pb isotopes and 
27 A], but not to ??U апа 2380, although the total difference between JENDL-4.0 and 
ENDF/B-VII.O was slight. 

Furthermore, while a difference about 20 pcm was found in 2381) and 27А] of 
Cases 2 and 4, respectively, the difference between JENDL-4.0 and JEFF-3.1 was 
considered notably minor within the allowance of relative errors. 

On the basis of these observations, a library update from JENDL-3.3 to JENDL- 
4.0 was demonstrated by the fact that the difference between Pb isotopes of the 
two JENDL libraries was dominant in the comparative study, through the numerical 
analyses of sample reactivity by the MCNP approach. Moreover, JENDL-4.0 revealed 
a slight difference from ENDF/B-VII.0 in all the Pb isotopes to 27 Al, and from 
JEFF-3.1 in 2380 to ?" A]. 
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7.2.3 Bismuth Sample Reactivity Worth 


7.2.3.1 Eigenvalue Calculations 


Numerical analyses were conducted with the use of the Monte Carlo code MCNP6. | 
together with the JENDL-4.0 nuclear data library for transport. For actual experi- 
mental analyses, the capability of eigenvalue calculations by MCNP6.1 was useful 
in the discussion with the use of JENDL-4.0 for processing important data analyses, 
and JENDL-4.0 has already been compared with other nuclear data libraries in a 
previous study [4], while demonstrating a reference library. 

In the reference core shown in Fig. 7.3, criticality was reached by adjusting the 
position of control rod C2 and withdrawing control rods C1 and C3, and safety 
rods S4, S5 and S6 from the core; excess reactivity was then deduced from the 
combined use of control rod worth of C2 by the rod drop method and its calibration 
curve by the positive period method. The measured excess reactivity was attained 
within an uncertainty of 3%, and compared with the numerical one as shown in 
Table 7.8. Here, effective delayed neutron fraction (f) was attained by MCNP6.1 
with JENDL-4.0 in both reference (Al: 798 + 3 pcm) and test (Bi: 801 + 3 pcm) 


Table 7.8 Comparison 


Core Calculation | Experiment | C/E 
between the results of [рст] [pem] 
measured and calculated P P 
(Eq. (7.2); MCNP6.1) excess Reference (А1) 88+ 87+ 1 1.01 + 0.07 
reactivities in reference (AI) Case 1 129 + 143 43 0.90 + 0.05 
and test: (Bi) cores (Ref-N ев 164 + 6 165 +3 0.99 + 0.04 
Case 3 156 + 163 +3 0.96 + 0.04 
Case 4 166 +6 17143 0.97 + 0.04 


(Bett = 798 = 3 [pem] and A = (3.39 + 0.01)E-05 [s] by MCNP6. 1 
with JENDL-4.0; C/E: calculation/experiment) 
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Table 7.9 Comparison ; Я 

between the resultsof Rod | Calculation [pem] | Experiment [pem] | C/E 
measured and calculated СІ 1005 + 10 945 + 32 1.06 + 0.04 
(MCNP6.1) control rod worth C2 |454 + 10 438 +1 1.04 + 0.02 


in reference core (Al 
reference core) (Ref. [3]) 


C3 360 + 11 350 + 8 1.03 + 0.04 


(Bett = 798 = 3 [pem] and A = (3.39 + 0.01)E-05 (5) by MCNP6.1 
with JENDL-4.0; C/E: calculation/experiment) 


cores. Since two values were almost same within statistical errors, the Beg inreference 
core was used, when converting measured values in dollar units into ones in pcm 
units. The numerical excess reactivity was obtained by the MCNP6.1 eigenvalue 
calculations with JENDL-4.0 within a statistical error of 6 pcm through 2,000 active 
cycles of 25,000 histories. By comparing the measured and calculated results shown 
in Table 7.8, the C/E (calculation/experiment) value revealed good agreement within 
a relative difference of 4%, except in Case 1. 

Furthermore, the measured control rod worth in the reference core was compared 
with the calculated one by the same method used for excess reactivity, as shown 
in Table 7.9. As shown in Tables 7.8 and 7.9, the MCNP eigenvalue calculations 
with JENDL-4.0 revealed accurate reproduction of the experimental results of excess 
reactivity and control rod worth, respectively, with the C/E values within 6%, ranging 
widely between 87 and 945 pcm. 


7.2.3.2  Criticality Bias 


As discussed in Sect. 7.2.3.1, the accuracy of MCNP6.1 calculations was confirmed 
in terms of the general definition of sample reactivity worth by the MCNP approach. 
Here, the actual objective of this subsection was to compare the difference between 
experimental and numerical sample reactivity worth defined in Eqs. (7.1) and (7.2), 
respectively, and to confirm the precision of MCNP calculations of the Bi sample 
reactivity worth experiments. 

Special mention is made of the accuracy of numerical results by MCNP, espe- 
cially of the absolute values shown in Table 7.10, and additional investigation was 
requisite to find the reason for the discrepancy between the results of experiments 


Table 7.10 Comparison of measured and calculated Bi sample reactivity worth in Eqs. (7.1) and 
(7.4), respectively, and criticality bias in Eq. (7.5) (Ref. [3]) 


Core Experiment in Eq. (7.1) | Calculation in Eq. (7.4) | Criticality bias in Eq. (7.5) 


[рст] [рст] [рст] 
Саѕе 1 56+ 3 41+ 8 24+ 6 
Саѕе 2 78 + 3 76+ 8 +6 
Case 3 76 =3 68 + 8 33 +6 
Case 4 84 + 3 78 + 8 37 +6 
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and calculations in Eq. (7.4) shown in Table 7.10. Then, as suggested in Sect. 7.2.1, 
"criticality bias" of sample reactivity worth was useful in the investigation of the 
discrepancy, when a formulation of sample reactivity worth by MCNP6.1 defined in 
Eq. (7.2) is changed into that by Eq. (7.4). The criticality bias АМТ Ai p; defined 
in Eq. (7.5) was around 30 pcm, as shown in Table 7.10 and Fig. 7.10. From these 
results, the criticality bias of 37 pcm at most was confirmed as being included in the 
sample reactivity worth about 80 pcm, even in the analyses of MCNP calculations, 
although the absolute value of sample reactivity worth was small. 


7.3 Sensitivity Coefficients 


7.3.1 Theoretical Background 


7.3.1.4 Sensitivity Coefficients 


The sensitivity coefficient S of the integral reactor physics parameter R is defined by 
the ratio of the rate of change in Ё and a certain parameter x as follows: 


ак [dx 
Я —, (7.7) 
R x 


The effective multiplication factor Кен can be expressed by a balance equation of 
neutrons as follows: 
1 


Аф = —Еф, (7.8) 
kett 
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where A and F indicate operators of transport and fission terms, respectively, and 
ф the forward neutron flux. Multiplying Eq. (7.8) by adjoint neutron flux ф and 
integrating over whole volume and energy, the following equation is obtained: 


1 (ф“Аф) 
= ; 7.9 
keit (ф*Еф) ( 


where brackets <> indicate an integration over the whole volume and energy. 

Assuming that the value of ke is a function x, taking the logs of both sides in 
Eq. (7.9) and differentiating Eq. (7.9) with respect to x, the following equation is 
obtained, on the basis of theoretical considerations [13-16]: 


d d d 
-ar log kerr = z- log(9* A9)) — = 1ов((ф"ЕФ)) 


dx dx 
| d 1 а, і. as 
ken ада $ — Garg ax? FY) 


(ыФАФ (ОҒ) (Аф) (Е) 
(Ap) (Fé) (Аф) (ФЕ) 
(AGO) (P Fue) 


: (7.10) 
(ф*Аф) (ф*ЕФф) 
With the use of an operator В, Eq. (7.8) can be expressed as follows: 
1 
(-гғ)е-ве-о (7.11) 
Кат 


Here, assuming that parameter x, operator В and neutron flux ф are changed into 
x + ôx, B + ôB and ф + 99, respectively, in a critical state, the following equations 
are obtained: 


(B + 5B)(¢ + 89) = 0. (7.12) 


Neglecting second-order perturbation terms, Eq. (7.11) сап be expressed as 
follows: 


Bod + 8ВФф = 0. (7.13) 
Introducing the generalized adjoint flux Г”, the following equation is obtained 
with the use of adjoint operator В“ and a certain adjoint source term 4“, defined as 


reactivity in these analyses: 


B'r* = q*. (7.14) 
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Multiplying Eq. (7.13) by the generalized adjoint flux Г * on the left side, and 
integrating over the whole volume and energy, the following equations are obtained 
with the use of theoretical consideration [16]: 


(Г*В8ф) + (Г*8Вф) = 0, (7.15) 


= А 7.16 
7 = (A$) (Ф Еф) n 


From the formation of q* in Eq. (7.16), 4 is interpreted as an adjustment term for 
numerically obtaining Г “іп Eq. (7.14), on the basis of the Generalized Perturbation 
Method [14]. 

Finally, with the use of Eqs. (7.11) through (7.16), the sensitivity coefficient in 
Eq. (7.7) can be expressed as follows, on the basis of the first-order perturbation 
approximation [17]: 


(ФА) (oo) | dB | | dB* | 
5 = : I*—$o)—(Ir* А 7.17 
(PAG) (PFG) * ? р 


7.3.1.2 Difference Between Nuclear Data Libraries 


With the use of the sensitivity coefficient described in Sect. 7.3.1.1, reactivity change 
by a data library variation was evaluated by multiplying a relative value of cross 
sections between data libraries by the sensitivity coefficient. 

For example, the sensitivity in JENDL-4.0 is expressed as follows: 


J40 
5 лао = nig . ae 


0.6, ? 
^ ор do 


(7.18) 


where 0/40 indicates the calculated sample reactivity by JENDL-4.0, o the micro- 
scopic cross section, n the kind of nuclides, i the kind of reactions and g the energy 
group. Equation (7.18) can be rewritten as follows: 


dp d 
m = em (7.19) 
J40 Or i,g Mod 


A variation Ар? of sample reactivity by some library (Lib) is evaluated by 


comparing with that by JENDL-4.0 as follows: 


glib — g1% 
Lib _ n,i,g n,i,g 
AB ig т 0 7 50,6240 * PJ40- (7.20) 


n,i,g 
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7.3.2 Lead Isotopes 


7.3.2.1 Numerical Approach 


The numerical analyses were conducted with the combined use of SRAC2006 and 
MARBLE code systems: collision probability calculations (PIJ [18]), eigenvalue 
calculations (CITATION [19]), sensitivity coefficient calculations (SAGEP [20]) of 
SRAC2006 and uncertainty calculations (UNCERTAINTY [21]) of MARBLE shown 
in Fig. 7.11, coupled with JENDL-3.3, JENDL-4.0, ENDF/B-VII.0 and JEFF-3.1 
nuclear data libraries. The cross-section data set in 107-energy-group processed by 
the NJOY code [22] is pre-installed with the use of each data library in the SRAC2006 
and the MARBLE code systems, to conduct numeral analyses of the thermal neutron 
spectrum core, such as the KUCA core. For the experimental analyses, the accu- 
racy of deterministic (diffusion-based) calculations by CITATION was useful in the 
discussion with the use of JENDL-4.0 in processing important data analyses. Also, 
JENDL-4.0, as a reference library in this study, was compared with other nuclear 


(1) SRAC-SAGEP/PIJ SRAC, 107g, library 


Y 


MACRO, 107g MICREF, 107g 
(2) CITATION t—— — Inputdatafor core 
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Flux 
Adjoint Flux 


(3) SAGEP 
Sensitivity coefficient 


(4) UNCERTAINTY Covariance data, 107g 


Uncertainty 
Cross section adjustment 


Fig. 7.11 Calculation flow of sensitivity and uncertainty analyses (Ref. [2]) 
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Table 7.11 Comparison Р 2% 
betwéen medsured and Core Experiment [pcm] Calculation* [pcm] 
calculated sample reactivities, Case 1 94 + 5 67 

substituting reference (Al) for Case 2 110-6 72 

test-zoned (Pb) rods in Cases E 

1 through 4 shown in Fig. 7.5 Eu 2 140 

(Ref. [2]) Case 4 156 + 8 178 


*CITATION in 107-enery-group and 3-D (x-y-z) with JENDL-4.0 


data libraries to reveal its uncertainty. Finally, covariance data of cross sections were 
obtained by NJOY99 with the use of cross-section data contained in JENDL-4.0. 


7.3.2.2 Diffusion-Based Eigenvalue Calculations 


The measured excess reactivity was within an uncertainty of 5%, and compared 
with the numerical one as shown in Table 7.11. The numerical excess reactivity was 
deduced, for a clean core (all control and safety rod withdrawal) in a super-critical 
state, by the result of diffusion-based eigenvalue calculations (CITATION) in 107- 
energy-group and x-y-z dimensions (3-D) with JENDL-4.0. The numerical error was 
within an absolute value of about 30 pcm, compared with the experimental result, as 
shown in Table 7.10. 

Among the four cases shown in Table 7.11, CITATION reproduced the experi- 
mental results of sample reactivity with an error of about 20 pcm in Case 4, which was 
the maximum value in a series of Pb sample reactivity experiments. The experimental 
result of Case 4 was selected as a representative one in sensitivity and uncertainty 
analyses, because of the maximum value of experiments and an acceptable accuracy 
of deterministic calculations by CITATION. 


7.3.2.3 Sensitivity Coefficients 


Sensitivity coefficients in Eq. (7.17) of sample reactivity were analyzed by the 
SAGEP code, for cross-section data of inelastic scattering, elastic scattering and 
capture reactions in Pb isotopes (7% 206. 207, 208 рр), as shown in Figs. 7.12а-с, respec- 
tively. The sensitivity coefficients of inelastic scattering reactions (Fig. 7.122) of all 
Pb isotopes were found to be dominant over the high energy (MeV) region with 
the other two reactions. The sensitivity coefficients were relatively highly posi- 
tive in SPb mostly around 1 MeV for the elastic scattering reactions (Fig. 7.12b); 
conversely, they were negative in all Pb isotopes for the capture reactions (Fig. 7.12c). 
Furthermore, as shown in Fig. 7.12c, the capture cross sections of 207РЬ were highly 
sensitive in the thermal neutron region, since the neutron spectrum of the KUCA 
core revealed extensive thermalization ranging between 0.01 and 100 eV shown in 
Fig. 7.13. 
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Fig. 7.12 Sensitivity 
coefficients of sample 
reactivity for Pb isotopes 
(Ref. [2]) 
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For a comparative study of the nuclear data libraries, the contributions of reac- 
tions and energy regions were analyzed by the sample reactivity difference between 
JENDL-4.0 and one other nuclear library (JENDL-3.3, END/F-VII.0 or JEFF-3.1), 
with the use of sensitivity coefficients and variation of sample reactivity between 
JENDL-4.0 and another library shown in Eq. (7.20). As shown in Fig. 7.14a, the 
comparison between JENDL-3.3 and JENDL-4.0 was large, about 30 and 20 pcm, 
in inelastic scattering reactions of 7°°Pb and 207рр, respectively. This tendency was 
taken into account for a well-known revision of inelastic scattering reactions of 
206. 207pb isotope cross sections from JENDL-3.3 to JENDL-4.0. The energy break- 
down of reactivity and microscopic cross sections for inelastic scattering reactions 
were found in the energy region ranging between 1 and 5 MeV shown in Fig. 7.14b. 
From the results, a large difference of sample reactivity between two JENDL libraries 
was attributable mainly to the contribution of inelastic scattering reactions of two 
206.207pb isotopes. Another comparison between ENDF/B-VII.0 and JENDL-4.0 
revealed mainly a difference of 6 pcm in inelastic scattering reactions of 208РЬ shown 
in Fig. 7.14c, and almost the same with JEFF-3.1, as well as with ENDF/B-VII.O, 
except for 208РЬ isotopes, as shown in Fig. 7.144. 


7.3.3 Bismuth Isotope 


Sensitivity coefficients of ker (Case 4) in Eq. (7.17) were analyzed by ће SAGEP 
code, for cross-section data of inelastic scattering, elastic scattering and capture reac- 
tions in Bi isotope (2091) shown in Figs. 7.15, 7.16 and 7.17, respectively, compared 
as 27 A], 2350 апа 2380 that are mainly core components. The sensitivity coefficients 
of inelastic scattering reactions (Fig. 7.15a) of 209 Bi were found to be dominant over 
the high-energy (MeV) region, like those of 27 А1 shown in Fig. 7.15b. The sensi- 
tivity coefficients of ?? Bi elastic scattering reactions revealed an increasing tendency 
between epi-thermal and fast neutron energy regions shown in Fig. 7.16a, although 
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Fig. 7.14 Contribution of reactivity by reactions of Pb isotopes between nuclear data libraries (Ref. 
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the coefficients of 209 В1 and 2'АІ were compared with the mostly same distribution 
around 1 MeV of the elastic scattering reactions (Figs. 7.16a, b, respectively). For 
the sensitivity coefficients of capture reactions, 209 Bi was found at a highly negative 
peak around 10? eV regions shown in Fig. 7.17a, whereas 27 Al апа 2350 showed а 
locally strong depression around the thermal neutron region, as shown in Fig. 7.17b. 
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Nonetheless, from all the results of sensitivity coefficients, absolute values of 209g, 
were markedly very small in vertical axes shown in Figs. 7.15, 7.16 and 7.17, as 
compared with the values of 27 АІ апа ??U, demonstrating that the impact of ??Bi 
cross sections was considered minor in the sensitivity coefficient analyses of Ке in 
the Bi sample reactivity worth experiments at KUCA. 


7.4 Uncertainty Quantification 


7.4.11 Theoretical Background 


7.4.1.4 Uncertainty 


As for the cross-section uncertainty analyses of nuclear data [23], the uncertainty of 
reactor physics parameters v can be expressed as follows: 
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where Gta (1 x p) indicates the sensitivity vector of reactor physics parameters, 
M (p x p) the covariance matrix of nuclear reaction parameters, s; the sensitivity 
coefficient, c; ; the covariance, v; ; the factor of uncertainty and p the number of 
nuclear reactions including the nuclides. Thus, the contribution of uncertainty u; in 
each nuclear reaction can be defined as follows: 


uw (7.22) 


Generally, since sensitivity coefficient s; and covariance c;; are dominant in 
the energy group, the factor of uncertainty is finally expressed with the use of the 
maximum number of energy group G as follows: 


204 C. H. Pyeon 


Fig. 7.16 Sensitivity 
coefficients of elastic 
scattering reactions of 2091 
and 27 Al in JENDL-4.0 (Ref. 
[3] 


Sensitivity coefficient рег lethargy 


105 10^ 10? 102107 10° 10! 10? 10? 10^ 10° 10° 107 
Neutron energy [eV] 
(a) 209pi 


г! 27 AI 


о 
BEN 
o 
T 
1 


Sensitivity coefficient per lethargy 
о 
о 
о 
T 
| 


О іш ушш іші 1ш ао тоа і тїшї түш інші іші іш 
10? 10^ 10? 107107 10° 101 10? 10? 10^ 10° 10° 10” 
Neutron energy [eV] 


(b) "AI 


rec Y узус eee < О). (7.23) 


$ 8 


7.4.1.2 Cross-Section Adjustment Method 


In the cross-section adjustment method [24], probability P(T) with a certain cross- 
section set T is obtained as follows, assuming that a set of nuclear cross sections 
provides a true value in normal distribution around a true value T, of the nuclear 
cross-section set with dispersion M: 


P(T) = Р(То) сс exp [-(T — To) M~! (T — T9)/2]. (7.24) 


Substituting the values of Ту, T and M in Eq. (7.24) for those of experiments Re, 
the true value of experiments Rog and covariance Ve of experiment errors, Eq. (7.18) 
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can be expressed as follows: 
P(Ro) « exp{—(Re — Reo) V; (Ве — Reo)/2}. (7.25) 


The values Re are distributed around true values Rog of experiment with covariance 
Ve of experimental value, giving true values Ту of a set of nuclear cross sections. 
Also, the values Re(T9) of experiment with the true value of the nuclear data cross- 
section set are distributed around true value В у with covariance Ve + Vm, giving 
true value T, of a set of nuclear cross sections, as follows: 


P(Ro|To) с exp{—(Re — Re(T))' (Ve + Vm) (К. — Re(To))/2}, (7.26) 


where Vm indicates the covariance of calculation value. 
Using Eqs. (7.24) through (7.26), the following equations are obtained with the 
consideration of mathematical formulation [24]: 
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P(TolRo) =P(Ro|To) ZCO 
P(Ro) 
—(const.) - e| 5/ exp- Re - Re(T0)) (Ve + Vg)! (Re — Re(To))/2}], 


(7.27) 


J=(T — T)'M (T — To-(R. — Ве (То)) (Ve + Vin) ^ (Re — Re(To)). 
(7.28) 


Introducing the sensitivity coefficient G as shown in Eq. (7.21), the relation 
between Re and С is obtained as follows: 


R.(To)- RC) — G(T — To), (7.29) 


substituting Eq. (7.29) for Eq. (7.28) and taking the derivative of Eq. (7.28), a set of 
nuclear cross-sections Т” after cross-section adjustment is expressed as follows: 


T = T + MG'(GMG + V, + Vm) (R, — Re(T)). (7.30) 


When the covariance of (T — Ту) in Eq. (7.29) is obtained, applying to the cross- 
section adjustment, the covariance M' of T' can be expressed as follows: 


М/=М — MG (GMG + V, + Vm) "СМ. (7.31) 


Finally, uncertainty induced by the errors of cross sections is evaluated by the 
difference between СМС! and GM’ Gt before and after the cross-section adjustment, 
respectively. 


7.4.2 Lead Isotopes 


7.4.2.1 Uncertainty 


The uncertainty analyses by the UNCERTAINTY code of the MARBLE system 
were conducted with the use of JENDL-4.0 covariance data (107-energy-group) 
generated by NJOY99. Since the covariance data of H, C and AI nuclides consisted 
mainly of core components that were not prepared in JENDL-4.0, the uncertainty 
analyses were executed for several reactions of U and Pb isotopes composed of 
the reference and the test zones in fuel assemblies of the КОСА А-соге, including 
capture, elastic scattering, inelastic scattering, fission and (n, 2n) reactions. As shown 
in Table 7.12, the results of uncertainty in reactivity induced by covariance data were 
large about the total reactivity of 33.1 pcm, compared with an experimental error 
around 8 pcm of sample reactivity. The value of total uncertainty was acquired by 
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Table 7.12 Reaction-wise uncertainty contribution [pcm] to changes in sample reactivity induced 
by covariance data of JENDL-4.0 (Ref. [2]) 


Isotopes Reactions 

Capture Elastic Inelastic Fission (n, 2n) Total 
2551) 19.4 1.9 4.1 9.7 0.1 222 
2381) 2.6 0.0 0.3 0.1 0.0 2.6 
204pp 0.1 —0.4 1.6 - 0.0 1.7 
206pp —1.0 —4.9 20.0 - —0.8 19.4 
207 pp 0.9 -2.6 9.0 - 1.5 8.8 
208 Ph —0.6 2.2 9.0 - 3.1 11.9 

Total 33.1 


a square root of the sum of squares for reaction-wise contributions, ignoring the 
covariance between different nuclides in the sum of squares. Among the nuclides, 
the reaction-wise contribution was dominant over the capture (19.4 pcm) and the 
inelastic scattering (20.0 pcm) reactions of 227 and 2%РЬ, respectively, shown in 
Table 7.12. A large contribution was attributable to the sensitivity coefficients of 
2551) capture and fission reactions (Fig. 7.18). Also, the reaction-wise contribution 
of 207. 208Рь inelastic scattering reactions was observed to obtain meaningful values 
(9.0 рст). 

For additional study on uncertainty, close attention was paid to the reliability of Pb 
isotope covariance data of JENDL-4.0 through a comparison between JENDL-4.0 
and another library, such as JENDL-3.3, ENDF/B-VII.0 or JEFF-3.1. For a compar- 
ison with JENDL-3.3 shown in Fig. 7.19a, contributions of the inelastic scattering 
cross sections of 206, 207РЬ isotopes were found to remarkably exceed the standard 
deviation evaluated by JENDL-4.0. This tendency was demonstrated mainly with the 
energy breakdown of reactivity and the difference of microscopic cross sections, with 
respect to the Pb isotope inelastic scattering reactions, as shown in Fig. 7.19b. This 
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was also the same tendency as the sensitivity coefficients discussed in Sect. 7.3. With 
ЕМОЕ/В-УП.О and JEFF-3.1, the tendency was not found to be greatly different from 
JENDL-4.0 as shown in Figs. 7.19c, d, respectively, except for the capture reactions 
of 204 207рь isotopes. Although most cross-section data of Pb isotopes are the same in 
both ENDF/B-VII.0 and JEFF-3.1, a notable difference in 208РЬ inelastic scattering 
cross sections was observed between the two libraries, through a comparison with 


the standard deviation by JENDL-4.0. 
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7.4.2.2 Cross-Section Adjustment Method 


As discussed in Sect. 7.4.2.1, the uncertainty induced by covariance data was 
compared with that of sample reactivity obtained by the experiments. In this section, 
the effect of decreasing uncertainty induced by the nuclear data was investigated 
by the cross-section adjustment method shown in Eqs. (7.30) and (7.31), on calcu- 
lated reactivity. Here, the uncertainty induced by the analyses was assumed to be 
null, in order to estimate the maximum effect of decreasing uncertainty on the calcu- 
lated reactivity. The cross-section adjustment with U and Pb isotopes was considered 
useful analyses in that the effects of covariance data (U and Pb isotopes) were signif- 
icant, although the covariance data of H, C and AI isotopes could give inadequate 
results of the effect on the evaluation of uncertainty. 

As shown in Table 7.13, the effect of decreasing uncertainty on the calculated 
reactivity was significant in 22517 and Pb isotopes. Generally, the effect of decreasing 
uncertainty regards as becoming large, when errors induced by both experimental 
and numerical analyses are compared with smaller errors of uncertainty induced by 
covariance data. In the analyses, the cross-section adjustment method was useful for 
decreasing the uncertainty, demonstrating a large uncertainty over 30 pcm induced 
by nuclear data of JENDL-4.0 toward experimental uncertainty of 7 pcm. As a 
representative example, the C/E value of sample worth reactivity in Case 4 shown 
in Table 7.11 was greatly improved over 10% shown in Table 7.14, applying the 
cross-section adjustment method to the uncertainty analyses. Additionally, the C/E 
values of sample reactivity in Cases 1 through 3 shown in Table 7.10 were remarkably 
improved to around 5% error with the use of the results of Case 4. 


Table 7.13 Reaction-wise uncertainty contribution [pcm] to changes in sample reactivity induced 
by nuclear data of JENDL-4.0 (Ref. [2]) 


Isotopes Reactions 
Capture Elastic Inelastic Fission (n, 2n) Total 
2350 4.3 0.4 0.9 2.1 0.1 4.9 
2380] 0.6 0.0 0.1 0.0 0.0 0.6 
204pp 0.0 —0.1 0.4 - 0.0 0.4 
206pp —0.2 —1.1 4.4 - -0.2 4.5 
207pp 0.2 —0.6 2.0 - 0.3 2.1 
208pp —0.1 0.5 2.5 - 0.7 2.6 
Total 7:9 


Table 7.14 Results of C/E values of sample worth reactivity in Case 4 before and after application 
of cross-section adjustment method (Ref. [2]) 


Core Before After 
Case 4 1.14 1.01 
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Table 7.15 Reaction-wise contribution [pcm] to changes іп Bi sample reactivity worth (Case 4) 
induced by covariance data of JENDL-4.0 (Ref. [3]) 


Isotopes Reactions 
Capture Elastic Inelastic Fission (n, 2n) Total 
2350 19.4 1.9 4.1 9.7 0.1 222 
2381] 2.6 0.0 0.3 0.1 0.0 2.6 
209 В1 - - 10.0 - - 10.0 
Total 24.4 


7.4.3 Bismuth Isotope 


7.4.3.1 Uncertainty 


Uncertainty analyses by the UNCERTAINTY code of the MARBLE system were 
conducted with the use of JENDL-4.0 covariance data (107-energy-group). Since the 
covariance data of H, C and AI nuclides consisted mainly of core components that 
are not provided in JENDL-4.0, the uncertainty was analyzed for several reactions 
of 2091, 255) апа 2380, including capture, elastic scattering, inelastic scattering, 
fission and (n, 2n) reactions, comprising reference and test fuel assemblies of the 
KUCA A-core. Nonetheless, among the covariance data of 209Bi inelastic scattering 
reactions were only prepared in JENDL-4.0. As shown in Table 7.15, the results 
of uncertainty induced by covariance data were large, with total reactivity of 24.4 
pcm, compared with the experimental error around 3 pcm of sample reactivity worth 
(Table 7.8). The value of total uncertainty was acquired by the square root of the 
sum of squares of reaction-wise contributions, disregarding the covariance between 
different nuclides in the sum of squares. Among the nuclides, the reaction-wise 
contribution was dominant mainly over the capture (19.4 pcm) and fission (9.7 pcm) 
reactions of 2350, and reasonable in the inelastic scattering reactions (10.0 pcm) 
of ??Bi, In other words, non-negligible contribution of 291 inelastic scattering 
reactions was observed in the uncertainty analyses of Bi sample reactivity worth. 


7.4.3.0 Comparative Study on Bi and Pb 


Bi sample reactivity worth experiments were considered successfully carried out from 
the viewpoint of the reproducibility of previous Pb sample reactivity worth experi- 
ments, since the measured excess reactivity of the Al reference core was compared 
with the Bi and Pb experiments under the same condition, as shown in Table 7.16. 
With the combined use of experimental and numerical results, a comparative study 
on Bi and Pb sample reactivity worth was instrumental in examining the neutron 
characteristics of Pb-Bi coolant material in the actual ADS experimental facility. 
In terms of the absolute values of sample reactivity worth shown in Table 7.16, 
the difference between Bi and Pb sample reactivity worth clearly emphasized the 
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Table 7.16 Comparison of the results of measured excess reactivities between Bi and Pb test cores 
(Ref. [3]) 


Core Bi sample [pem] Pb sample [pcm] (Ref. [1]) 
Reference (А1) 87 = 92 + 5 

Саѕе 1 143 + 3 186+ 7 

Саѕе 2 165 + 3 202+ 8 

Case 3 163 +3 237+ 9 

Саѕе 4 171+ 3 248 + 9 


Table 7.17 Comparison of reaction-wise contributions [рст] between Bi and Pb (Ref. [6]) sample 
reactivity worth (Case 4) induced by covariance data of JENDL-4.0 (Ref. [3]) 


Isotopes Reactions 

Capture Elastic Inelastic Fission (n, 2n) Total 
204рь 0.1 —0.4 1.6 - 0.0 1.7 
206pp —1.0 —4.9 20.0 - —0.8 19.4 
207pp 0.9 —2.6 9.0 = 1.5 8.8 
208pp —0.6 22 11.3 - 3.1 11.9 
209g, = - 10.0 - - 10.0 


significance of the characteristics of the actual ADS facility attributed to the reactivity 
effect. Interestingly, on the basis of the neutronics of Pb-Bi, an ADS with a Pb-Bi 
coolant core could exactly be analyzed by nuclear design calculations. Additionally, 
from the results of the uncertainty of Bi and Pb isotopes shown in Table 7.17, the 
impact of Bi induced by nuclear covariance data was considered small compared 
with that of the total contribution of Pb isotopes, and invaluable in understanding the 
reason for choosing Pb-Bi as coolant material in ADS. 


7.5 Conclusion 


The Pb sample reactivity worth experiments were carried out at KUCA to examine 
the uncertainties of cross sections of Pb and other isotopes. The comparison between 
the experiments and the calculations by MCNP6.1 with JENDL-3.3, JENDL-4.0, 
ENDF/B-VII.0 and JEFF-3.1 libraries revealed as follows: The library update from 
JENDL-3.3 to JENDL-4.0 demonstrated that the difference between Pb isotopes 
was dominant in the comparative study, through the experimental analyses of sample 
reactivity by the MCNP approach. Moreover, JENDL-4.0 revealed a slight difference 
from ENDF/B-VII.0 in all the Pb isotopes апа 27” AI, and from JEFF-3.1 іп 2380 and 
27 Al. For the Bi sample reactivity worth, the comparison between the experiments 
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and the calculations by MCNP6.1 with JENDL-4.0 revealed the importance of the 
effect of criticality bias on the precision of numerical simulations. 

Sensitivity and uncertainty analyses of Pb isotope cross sections were conducted 
with the combined use of sample reactivity experiments carried out at KUCA and 
numerical simulations by the SRAC2006 and MARBLE code systems. The experi- 
mental sample reactivity was compared with the calculated one by the deterministic 
approach with the covariance data of JENDL-4.0 as follows: A series of sensi- 
tivity and uncertainty analyses demonstrated the reliability of Pb isotope cross- 
section data of JENDL-4.0, such as the uncertainty of the covariance data, compared 
with JENDL-3.3, ENDF/B-VII.0 and JEFF-3.1 libraries. Additionally, the numerical 
results revealed the applicability of sensitivity and uncertainty analyses to the thermal 
neutron spectrum cores, such as the KUCA core, demonstrating the improvement of 
calculation results induced by the cross-section adjustment. 

For the Bi isotope, sensitivity coefficients of the Bi isotope were relatively small 
with the comparison of ?7А1, 2350 апа 2380 comprising of fuel plates and core 
components. Uncertainty induced by Bi cross sections demonstrated a reasonable 
result of the Bi sample reactivity worth. From the results of Bi isotope uncertainty, 
the comparative study on Bi and Pb sample reactivity worth was instrumental in 
emphasizing the neutronics and the impact of Pb-Bi coolant material in ADS. 
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Chapter 8 R) 
Sensitivity and Uncertainty of Criticality = 


Masao Yamanaka 


Abstract Excess reactivity and control rod worth are generally considered important 
reactor physics parameters for experimentally examining the neutron characteristics 
of criticality in a core, and for maintaining safe operation of the reactor core in terms 
of neutron multiplication in the core. For excess reactivity and control rod worth 
at KUCA, as well as at the Fast Critical Assembly in the Japan Atomic Energy 
Agency, special attention is given to analyzing the uncertainty induced by nuclear 
data libraries based on experimental data of criticality in representative cores (EE1 
and E3 cores). Also, the effect of decreasing uncertainty on the accuracy of criti- 
cality is discussed in this study. At KUCA, experimental results are accumulated by 
measurements of excess reactivity and control rod worth. To evaluate the accuracy of 
experiments for benchmarks, the uncertainty originated from modeling of the core 
configuration should be discussed in addition to uncertainty induced by nuclear data, 
since the uncertainty from modeling has a potential to cover the eigenvalue bias more 
than uncertainty by nuclear data. Here, to investigate the uncertainty of criticality 
depending on the neutron spectrum of cores, it is very useful to analyze the reactivity 
of a large number of measurements in typical hard (EE1) and soft (E3) spectrum 
cores at KUCA. 
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8.1 Experimental Settings 


8.1.1 Core Configuration 


The experiments of reactivity measurement [1, 2] were carried out in the A cores 
(ЕЕІ and ЕЗ cores in Figs. 8.1a, b, respectively) that have polyethylene moderator and 
reflector rods, and different fuel assemblies: “Е” and "f" (Figs. 8.2a, b, respectively). 
In EEI core (Fig. 8.1а), fuel assembly “Е” (1/8"P60EUEU) in Fig. 8.2a is composed 
of 60 unit cells, and upper and lower polyethylene blocks about 25" and 20" long, 
respectively, in an aluminum (AI) sheath (2.1" x 2.1" x 60"). For the fuel assembly, 
a unit cell in the fuel region is composed of two highly enriched uranium (HEU) fuel 
plates 1/8" (2 x 1/16") thick and a polyethylene moderator plate 1/8" thick. In E3 
core (Fig. 8.1b), another fuel assembly “f” (3/8" P36EU) in Fig. 8.2b is composed of 
36 unit cells with an HEU fuel plate 1/16" thick, polyethylene plates 3/8" thick, and 
upper and lower polyethylene blocks about 23" and 21" long, respectively, in the А1 
sheath as in fuel assembly “F”. The neutron spectrum in ЕЕ1 core is compared with 
that in ЕЗ core as shown in Fig. 8.3, demonstrating representatively hard (ЕЕ1 core) 
and soft (ЕЗ core) neutron spectra in the КОСА А-соге. 


6.1.2 Reactivity Measurements 


For measuring the excess reactivity, the critical state was adjusted by maintaining a 
certain position of C3 rod in ЕЕ1 core and C1 rod in ЕЗ core, and by withdrawing 
fully the other control (СІ and C2 in EE1; C2 and СЗ in ЕЗ) and safety (54, S5, 
and S6) rods from the core, respectively. Furthermore, excess reactivities in EEI 
and E3 cores were measured by the positive period method, when C3 and C1 rods, 
respectively, were, under the critical state, fully withdrawn from the core. 

For measuring the control rod worth, in cases of СІ and C2 rods іп ЕЕІ core, 
criticality was maintained by C3 rod, and the control rod worth of C1 or C2 rod was 
acquired by the rod drop method, after full insertion of C1 or C2 rod into the core. 
For C3 rod in ЕЕ1 core, criticality was adjusted by C1 rod, and the control rod worth 
of C3 rod was obtained by the rod drop method, after the full insertion of C3 rod into 
the core. Almost the same procedures were followed for the E3 core, with the use of 
the rod drop method, and the control rod worth of C1, C2, and C3 rods was obtained 
experimentally. 

To estimate the experimental uncertainty of excess reactivity and control rod 
worth, the dimensions of the HEU plate comprising of core components are consid- 
ered manufacturing tolerances among the significant factors taken into account, as 
shown in Table 8.1. In addition to the dimensions of the HEU plate, as previously 
demonstrated at the Fast Critical Assembly in the Japan Atomic Energy Agency [3], 
other important uncertainty factors include mechanical reproducibility of control rod 
position, measurement errors of doubling time by the positive period method, core 
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Table 8.1 Experimental 


f taint E 

uncertainties of HEU fuel Cause UT uncertainty rror (%) 

plate (Refs. [1, 2]) Composition 3.0 
Length of both sides (one side: 0.2%) 0.3 
Thickness 3.1 


Table 8.2 Measured results 


m Reactivity ЕБІ (error: 96) ЕЗ (error: 96) 
[pem] of excess reactivity and 
control rod worth with Excess 210 6 (3.1) 264 + 2 (0.8) 
standard deviation obtained C1 rod 838 + 11 (1.4) 551 + 6 (1.2) 
from experimental data in 
БЕ1 and ЕЗ cores (Refs. [1, C2 rod 144 + 3 (2.4) 429 + 4 (1.0) 
2] C3 rod 521 + 8 (1.7) 329 + 4 (1.4) 
ЕБІ: Вен: 831 pcm and A:3.027E-05 s by MCNP6.1 with JENDL- 
4.0 
ЕЗ: Beg: 805 pcm and A: 4.771E-05 s by MCNP6.1 with JENDL- 
4.0 


temperature, delayed neutron parameters induced by numerical analyses, fuel compo- 
sition uncertainty caused by heterogeneity distribution and deformation inside the 
A] sheath. Among these factors, the mechanical reproducibility of control rod posi- 
tion, in this study, was considered of great impact caused by tolerance and instability 
of control rod inside the AI sheath in a horizontal direction than the experimental 
uncertainty of excess reactivity and control rod worth, because the other uncertain- 
ties are relatively minor. Furthermore, heterogeneous arrangement of fuel plates in 
an axial direction was attributable to random selection of fuel plates for making fuel 
cells with a record number of fuel plates. Therefore, the experimental uncertainty 
of excess reactivity and control rod worth was finally determined to be about 3% 
at most by averaging the experimental data, and estimating its standard deviation, 
as observed in operations of the previous decade іп the КОСА А-соге, as shown in 
Table 8.2. 


8.2 Criticality 


8.2.1 Numerical Simulations 


8.2.1.1 Stochastic Calculations 


Excess reactivity was numerically deduced by the MCNP6.1 code [4] with the 
JENDL-4.0 [5] and ће ENDF/B-VII.O [6] libraries through the difference between 
the critical and super-critical states in the core; control rod worth was numerically 
obtained by the difference between critical and subcritical states. For the evaluation 
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of excess reactivity and control rod worth, in the critical core, the effective delayed 
neutron fraction (Ber) was acquired by MCNP6.1 (2,000 active cycles of 50,000 
histories; 5 pcm statistical error) with JENDL-4.0. The values of Вен at critical state 
of ЕЕ1 and ЕЗ cores were 831 and 805 pcm, respectively; those of the neutron 
generation time (A) were 3.027E-05 and 4.771Е-05 s, respectively. Atomic number 
densities of core components comprise fuel elements, moderator (reflector), control 
rod, and AI sheath, for analyzing experimental values of excess reactivity and control 
rod worth. 


8.2.4.2 Deterministic Calculations 


Numerical analyses by deterministic calculations were performed by combining the 
SRAC2006 [7] and the MARBLE [8] code systems: collision probability calculations 
(PIJ [7]) and eigenvalue calculations (CITATION [9]) of SRAC2006, sensitivity coef- 
ficient calculations (SAGEP [10]) and uncertainty calculations (UNCERTAINTY [8, 
111) of MARBLE, coupled with the JENDL-4.0 nuclear data library. Experimental 
analyses of uncertainty were conducted with the use of covariance data of cross 
sections contained in JENDL-4.0, including uncertainty of excess reactivity and 
control rod worth induced by the nuclear data, and the effects of decreasing uncer- 
tainty on the accuracy of excess reactivity and control rod worth. Here, in a series of 
deterministic calculations, the CITATION code was notably executed for obtaining 
sensitivity coefficients by the SAGEP code based on the diffusion calculations. 


8.2.2 Sensitivity and Uncertainty 


8.2.2.1 Numerical Reactivity 


The experimental values of excess reactivity (positive value) A nae and control rod 


worth (negative value) (— Ар?) were deduced by effective multiplication factors 


ae and B in super-critical (clean core) and subcritical states (rod insertion core) 
obtained by the positive period method and the rod drop method, respectively, as 


follows: 


A 1 
Ар Ты; =1— Exp ^ (8.1) 
Есісап 
Ехр 1 
— ApRoa -1- Exp' (8.2) 
Rod 


In MCNP analyses, numerical value ApMCN? or (— ApMGNP) was deduced by the 


Excess 
{ ; сап MCNP MCNP MCNP 
difference between two effective multiplication factors kei» ОГ Кроз and kei 


in the super-critical or subcritical and critical cores, respectively, as follows: 
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1 1 
MCNP __ _ 
А Excess 7” КМСХАР LMCNP' (8.3) 
Critical Clean 
1 1 
MCNP __ _ 
ARa = КМСАР МСМ: (8.4) 
Critical Rod 


In MCNP calculations, АМСМЕ needs to be defined as the value of the effective 
multiplication factor in the critical core, since the numerical value is not always a 
unit. 

On the basis of the experimental methodology shown in Eqs. (8.1) and (8.2), 
a numerical approach of excess reactivity Ар ТАТОМ and control rod worth 
(— ApgLIATION) by deterministic calculations (CITATION) is generally expressed, 


respectively, as follows, as were experimental values: 


1 
CITATION 
AP Excess =1- CITATION , (8.5) 
Clean 
1 
CITATION _{_ 
— AP Rod =! CITATION * (8.6) 
Rod 
where ҚОПАПОМ and «CITATION indicate the effective multiplication factors in the 


super-critical and subcritical cores, respectively. 

Of the two numerical values by CITATION and MCNP, as mentioned in 
Sect. 8.22.1, the CITATION calculations needed to conduct a series of sensitivity 
and uncertainty analyses by SAGEP and UNCERTAINTY, respectively. Meanwhile, 
the MCNP calculations were requisite to assess the precision of eigenvalue calcu- 
lations, such as eigenvalue bias [12]. That is why two numerical values were intro- 
duced by the stochastic (Eqs. (8.3) and (8.4)) and the deterministic (Eqs. (8.5) and 
(8.6)) approaches, and compared differently with the experimental values shown in 
Eqs. (8.1) and (8.2). 


8.2.2.2 Sensitivity Coefficient 


Sensitivity coefficient S of the integral reactor physics parameter (effective multi- 
plication factor) R is defined by the ratio of the rate of change іп R and a certain 
parameter x as follows: 


dR / ах 
5---/--. (8.7) 
R x 


The effective multiplication factor Кен is expressed by a balance equation of 
neutrons as follows: 


1 
Аф = Ед, (8.8) 
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where A and F indicate operators of transport and fission terms, respectively, and 
ф the forward neutron flux. Multiplying Eq. (8.8) by adjoint neutron flux ф ' and 
integrating over whole volume and energy, the following equation is obtained: 


1 "A 

1 _ (ФАф) | (8.9) 

Кен (ф*ЕФ) 

where brackets < » indicate integration over the whole volume and energy. 
With the use of an operator B, Eq. (8.8) is expressed as follows: 
1 
А – —F]$- Bọ = 0. (8.10) 

Кен 


Неге, assuming that parameter x, operator B, and neutron flux ф аге changed into 
x + ôx, В + ôB, and ф + д, respectively, in a critical state, the following equations 
are obtained: 


(В + 6В)(ф + 09) = 0 . (8.11) 

Neglecting second-order perturbation terms, Eq. (8.10) is expressed as follows: 
Bóo9--óBo = 0. (8.12) 
Introducing the generalized adjoint flux Г”, the following equation is obtained 
with the use of adjoint operator В“ and a certain adjoint source term 4“, defined as 

reactivity in these analyses: 

В*Г* ceg . (8.13) 
Considering the theoretical background [13-16] and using Eqs. (8.10) through 


(8.13), the sensitivity coefficient in Eq. (8.7) is finally expressed by applying the 
first-order perturbation approximation [17], as follows: 


Қүр . (8.14) 


Finally, applicability of sensitivity analyses to keg was investigated for a thermal 
spectrum core, such as the KUCA core, with the use of SAGEP that had been 
originally developed for conducting the sensitivity analyses of fast reactors. 


8.2.2.3 Uncertainty 


In analyzing the cross-section uncertainty of nuclear data [18], the uncertainty of 
reactor physics parameter v is expressed as follows: 
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V = GarM (Gart = У sa; Dou; ASG <p), 
i i j 


1 


(8.15) 


where См, (1 x p) indicates the sensitivity vector of reactor physics parameters, 
M (p x p) the covariance matrix of nuclear reaction parameters, s; the sensitivity 
coefficient, cj, ; the covariance, vj, ; the factor of uncertainty and p the number of 
nuclear reactions including the nuclides. Thus, the contribution of uncertainty u; in 
each nuclear reaction can be defined as follows: 


ш = У UA (8.16) 


Generally, since sensitivity coefficient s; and covariance c;; are dominant in 
the energy group, the factor of uncertainty is finally expressed with the use of the 
maximum number of energy group G as follows: 


uj =) зс зр (1 < 8.8" SG), (8.17) 
- 


8 


where g and g' indicate the energy groups. 


8.2.3 Results and Discussion 


8.2.3.1 Eigenvalue Calculations 


In MCNP simulations, excess reactivity and control rod worth were obtained by 
two eigenvalue calculations in critical and super-critical, and, critical and subcrit- 
ical states, respectively: the difference between the inverse values of eigenvalue 
calculations in the two states. Here, MCNP eigenvalue calculations were made with 
2,000 active cycles of 50,000 histories, resulting in a standard deviation within 10 
pcm. The numerical results of excess reactivity and control rod worth were obtained 
by MCNP6.1 with JENDL-4.0 in ЕЕ1 and ЕЗ cores, as shown in Table 8.3a, b, 
respectively. Moreover, estimation of C/E (calculation/experiment) values revealed 
an accuracy of around 5% error with the use of the experimental and numerical 
results of excess reactivity and control rod worth, as shown in Eqs. (8.1) and (8.2), 
respectively, excluding small values of excess reactivity and C2 control rod worth 
in ЕЕ1 core. From the calculated results in Table 8.3a, b, the difference between 
numerical analyses by MCNP6.1 with JENDL-4.0 and ЕМОЕ/В-УП.О was found 
within an error of 396 of the C/E value. 

The ability of MCNP6.1 calculations was confirmed at a critical state in terms 
of the eigenvalue bias by the MCNP approach, as shown in Table 8.4. In ЕЕІ core, 
eigenvalue bias by MCNP6.1 with JENDL-4.0 demonstrated a relatively small value 
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Table 8.3 Comparison between measured and calculated (MCNP6.1) results of excess reactivity 
and control rod worth in ЕЕ1 and ЕЗ cores (Ref. [1]) 


(a) EEI 
Reactivity Exp. [pem] Cal. [pem] (C/E value) 

JENDL-4.0 ENDF/B-VIL.0 
Excess 210 +6 198 + 18 (0.94 + 0.09) 196 + 18 (0.93 + 0.09) 
C1 rod 838 + 11 857 + 18 (1.02 + 0.02) 843 + 18 (1.01 + 0.02) 
C2 rod 144 +3 134 + 18 (0.93 + 0.13) 135 + 18 (0.94 + 0.13) 
C3 rod 521 +8 500 = 18 (0.96 = 0.04) 491 = 18 (0.94 = 0.04) 
(b) E3 
Reactivity Exp. [pem] Cal. [pem] (C/E value) 

JENDL-4.0 ЕМРЕ/В-УП.0 
Excess 264 + 2 246 + 16 (0.93 + 0.06) 241 + 16 (0.91 + 0.06) 
C1 rod 551 +6 526 + 16 (0.95 + 0.03) 536 + 16 (0.97 + 0.03) 
C2 rod 429 + 4 400 + 16 (0.93 + 0.04) 388 + 16 (0.90 + 0.04) 
C3 rod 329 +4 314 + 16 (0.95 + 0.05) 315 + 16 (0.96 -Е 0.05) 


Table 8.4 Numerical results by MCNP6.1 eigenvalue calculations in critical state (Ref. [1]) 
ЕЕ1 ЕЗ 

JENDL-4.0 ЕМОЕ/В-УП.0 JENDL-4.0 ENDF/B-VILO 
1.00246 + 0.00009 1.00461 + 0.00009 1.00443 + 0.00008 1.00578 + 0.00008 


of about 250 pcm, and with ENDF/B-VILO a value about 460 pcm (Table 8.4). 
Similarly, in E3 core, the value with JENDL-4.0 was small, about 440 pcm, compared 
with that with ENDF/B-VII.O, about 580 pcm. From the analyses of eigenvalue bias, 
a significant index of the accuracy of experimental analyses was acquired by MCNP 
calculations in EE! апа ЕЗ cores at КОСА; also, as in previous studies [12, 19], 
JENDL-4.0 was considered reliable as a reference nuclear data library in a series of 
sensitivity and uncertainty analyses of excess reactivity and control rod worth in the 
KUCA A core. 

The numerical values of Кен in excess reactivity and control rod worth shown іп 
Eqs. (8.5) and (8.6), respectively, were deduced, for a clean core (withdrawal of all 
control and safety rods) and a subcritical core (control rod insertion) in super-critical 
and subcritical states, respectively, through the results of diffusion-based eigenvalue 
calculations (CITATION) in the 107-energy-group and x-y-z dimensions (3-D) with 
JENDL-4.0. Also, on the basis of accuracy of experimental analyses by CITATION 
(Table 8.5), sensitivity analyses of Ке in excess reactivity and control rod worth were 
notably conducted by diffusion-based calculations (SAGEP). 
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Table 8.5 Comparison between measured and calculated (CITATION with JENDL-4.0) results of 
Кен (excess reactivity: super-critical state; control rod worth: subcritical state) in ЕЕ1 and ЕЗ cores 
(Ref. [1]) 


Reactivity ЕЕІ ЕЗ 

Experiment Calculation Experiment Calculation 
Excess 1.00210 1.00030 1.00265 1.00067 
СІ rod 0.99169 0.99525 0.99452 0.99513 
C2 rod 0.99856 0.99903 0.99573 0.99673 
C3 rod 0.99482 0.99447 0.99672 0.99762 


8.2.3.2 Sensitivity Coefficients 


Sensitivity coefficients Eq. (8.7) of kee in excess reactivity and control rod worth were 
analyzed by the SAGEP code for assessing cross-section data of inelastic scattering, 
elastic scattering and capture reactions of ?7 Al, boron isotopes (1® ПВ), carbon (C), 
hydrogen (ЇН), oxygen (1°О), and uranium isotopes (23% 235, 236, 2387) comprising the 
core components. 

For excess reactivities in ЕБІ and ЕЗ cores, the sensitivity coefficients of elastic 
scattering reactions were relatively highly positive, mostly 1 MeV, іп ?" AI, ?C, and 
!H, as shown in Fig. 8.4a, and b, respectively. Sensitivity coefficients were dominant 
over the high-energy (MeV) region of the inelastic scattering reactions of 2'А] in 
Кен (excess reactivities) at ЕЕІ and ЕЗ cores shown in Fig. 8.5a, b, respectively. In 
thermal neutron region shown in Fig. 8.6a, b, the capture cross sections of 27 A], !H, 
апа 2350 were highly sensitive at ЕЕ1 and ЕЗ cores, respectively. Also, the sensitivity 
coefficients of 27 А1, ІН, and 2350 were remarkably higher іп ЕЗ core than in ЕБІ 
core ranging between 0.01 and 100 eV shown in Fig. 8.6b, because E3 core is a 
relatively soft-spectrum core shown in Fig. 8.3. In a series of sensitivity analyses 
shown in Figs. 8.4 through 8.6, effects of Al on sensitivities were observed in entire 
reactions and energy regions, and attributable to containing Al itself comprising of 
U-AI alloy (HEU) fuel plates and Al sheath of fuel assembly. 

Further study of the sensitivity coefficients was made of Ке (worth of C1 control 
rod) at ЕЕ1 and ЕЗ cores, since the worth of C1 control rod was mostly larger in 
both ЕЕІ and ЕЗ cores, compared with other reactivities shown in Table 8.3. Also, 
the worth of СІ control rod was selected to investigate directly the effect of the 
boron isotope component of the control rod. As shown in Fig. 8.7a, b, the sensitivity 
coefficients of 27 A], !°B, ІН, апа 2350 were negative in the capture reactions; among 
these, the capture cross sections оҒ27 Al and 2351) were highly sensitive in the thermal 
neutron region, as well as for capture reactions in the excess reactivity shown in 
Fig. 8.6a, b. Moreover, the sensitivity coefficient of Al was remarkably large in the 
ЕЗ core with a thermal neutron spectrum, as shown in Fig. 8.7b, as was that of 22517, 
Finally, in СІ control rod worth, sensitivity coefficient of ЭВ was found relatively 
of negligible significance due to an insertion of C1 control rod, although that of 7” AI 
comprising of core components (U-AI alloy fuel plates and Al sheath) was large. 
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Fig.8.4 Sensitivity coefficients for elastic scattering reactions in excess reactivity (Ref. [1]) 


8.2.3.3 Uncertainty 


The uncertainty analyses by the UNCERTAINTY code of the MARBLE system 
were conducted with the use of JENDL-4.0 covariance data (107-energy-group). 
Since the covariance data of ?"AI, ^C, and ІН isotopes consisted mainly of core 
components that are not contained in JENDL -4.0, uncertainty analyses were executed 
for various reactions of ! ПВ, !60, and 2552381) isotopes comprising of control 
and fuel rods in the KUCA A-core, including capture, elastic scattering, inelastic 
scattering, fission, and (n, 2n) reactions covered in the SAGEP code. As shown in 
Table 8.6, the uncertainty of excess reactivity in ЕЕ1 core induced by covariance data 
was large, total uncertainty 135.8 pcm, compared with an experimental error of 6 pcm 
(Table 8.2). The value of total uncertainty was acquired through the square root of the 
sum of squares for reaction-wise contributions. Among the isotopes, uncertainty was 


8 Sensitivity and Uncertainty of Criticality 227 


_ 3.0E-02 Е — 

a ПЕ-АӨ7 ——В-10 Гв | 

B 25802 | — 

S^ ГІЕ-В-1  — 0-12 

m [ 

5 20E02 | | — 0-16 

2 Е 

= t| —U-234 ---0-235 

© 15E02[ 

Е Ц---У-236 —U-238 

о Йй 

© 95E03 | 

ж г 

> ! c2 | | 

ж 4.5E-03 | ч 

5 Е 0-235 N 
-5.0E-04 ^ : 


1.0E-04 1.0E-02 1.0Е%00 1.0E+02 1.0E+04 1.0E+06 
Neutron energy [eV] 


(а) ЕЕІ core 


.. 30Е-02 f 

т 

> ---А-27 —B-10 

S 02 È 

E: 25E0? ву] —c-12 

% Al-27 

5 20602 [| —H-1 0-16 = 

£x. 

t ——U-234 ——U-235 

$ 15-02 | 

= ——U-236 —1-238 

8 95E-03 | 

> 

= 

2 45Е-03 | coe 

Ф —— > 

Ф ZE ы АР Ba 
-5.0E-04 


1.0E-04 1.0E-02 1.0Е%00 1.0Е%02 1.0Е%04 1.0E+06 


Neutron energy [eV] 


(b) E3 core 


Fig. 8.5 Sensitivity coefficients for inelastic scattering reactions in excess reactivity (Ref. [1]) 


dominant over the sum of all contributions, including the capture and fission reactions 
of 2350; a large contribution [19] was attributable to the sensitivity coefficients of 
2351) capture and fission reactions. For the worth of C1 control rod іп ЕЗ core, the 
total uncertainty was 164.1 pcm, although the reaction-wise contribution was slight 
in the boron isotopes, as shown in Table 8.7, demonstrating the same tendency of 
excess reactivity as in EE] core shown in Table 8.6. Finally, the uncertainty of keff 
in excess reactivity and control rod worth (C1, C2 and C3 rods) was summarized 
around 150 pcm in the ЕЕ1 and ЕЗ cores. 

Furthermore, the effect of decreasing uncertainty induced by nuclear data on 
calculated Ке was investigated by the cross-section adjustment method [20, 21], with 
the use of uncertainty of Кен: values. The result of this investigation demonstrated a 
great improvement from around 150 to 3 pcm induced by nuclear data of JENDL- 
4.0 in all excess reactivity and control rod worth in ЕЕІ and ЕЗ cores. Moreover, by 


228 M. Yamanaka 


5.0E-03 


-5.0E-03 


-1.5E-02 


——B-10 


are — B-M  — C412 
258-02 | 
iis — H4 — 016 


-3.5Е-02 | ——U-234 ——U-235 


——U-236 ---0-238 


-4.5E-02 1 1 1 111 sossun 1. rsru Шо тии ГЕНЕГЕНГЕГЕТІТІТІ 
1.0Е-04 1.0Е-02 1.0Е%00 1.0E+02 1.0E+04 1.0E+06 


Sensitivity coefficient per lethargy [-] 


Neutron energy [eV] 
(a) ЕЕ1 core 


5.0E-03 
- [ 
> 
Б 
S 5009 
E 
o 
&  A5E-02 ---В-10 
E г 
o вая —c- 
B Г В-11 с-12 
9 -2.5E-02 | 
Ө F —H-1 — 0-16 
ғ [ 
5 — 0.234 — 0. 
© F ——0-236 ——0-238 
o [ 

-4.5E-02 |. — шш 


1.0Е-04 1.0E-02 1.0E+00 1.0Е%02 1.0E+04 1.0E+06 
Neut rgy [eV 
^65 ES Sle! 
Fig. 8.6 Sensitivity coefficients for capture reactions in excess reactivity (Ref. [1]) 
applying the cross-section adjustment method to the uncertainty analyses, the C/E 


value of all excess reactivity and control rod worth in both EE1 and E3 cores reached 
around a unit. 
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Fig. 8.7 Sensitivity coefficients for capture reactions in СІ rod worth (Ref. [1]) 


Table 8.6 Reaction-wise contribution [pcm] to excess reactivity induced by covariance data of 
JENDL-4.0 in ЕЕІ core (Ref. [1]) 


Isotopes Reactions 
Capture Elastic Inelastic Fission (n, 2n) Total 
10B 0.0 0.0 - - - 0.0 
ив 0.0 0.0 = = = 0.0 
160 0.0 0.0 0.0 - 0.0 0.0 
2551) 111.7 5.3 12.9 44Л 0.7 121.1 
2380] 2.8 0.2 0.9 0.1 0.1 2.9 
Total 135.8 
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Table8.7 Reaction-wise contribution [pcm] to the worth of C1 control rod induced by covariance 
data of JENDL-4.0 in E3 core (Ref. [1]) 


Isotopes Reactions 
Capture Elastic Inelastic Fission (n, 2n) Total 
юв 9.0 0.0 = = = 9.0 
ИВ 0.0 4.4 = - = 44 
160 0.0 1.2 0.0 - 0.0 1.2 
2350 113.0 1.1 2.8 81.8 0.2 139.5 
2381] 0.7 0.1 0.2 0.0 0.0 0.8 
Total 164.1 


8.3 Benchmarks 


6.3.1 Experimental Analyses 


8.3.11 Reactivity Measurements 


Before quantifying the uncertainty in criticality, the validity of the standard modeling 
of the core configuration was verified by the comparison of the excess reactivity and 
the control rod worth between the calculation and the experiment, without considera- 
tion of variation in the position and material property. The calculation of the reactivity 
was performed through two eigenvalue calculations with MCNP6.1 and KENO-VI 
module of SCALE6.2 code system [22] together with ENDF/B-VII.1. The calculated 
reactivity was obtained as follows: 


T „з НИЕ (8.18) 
excess grauen jen 
cal 1 1 
Prod = кой m kcritica > (8.19) 


where o3... and ре are the calculated excess reactivity and control rod worth, 
respectively, раны! the ker value at the critical state, а the Кен value at the 
withdrawal of all control rods and м the Кен value at the insertion of control rod 


СІ, C2, or C3 in the critical state. 
8.3.1.2 Numerical Simulations 
Through the development of the methodology of the adjoint flux [23, 24], sensitivity 


and uncertainty analyses were easily conducted with the use of the Monte Carlo 
method applying to rigorous modeling without homogenization [25]. Sensitivity and 
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uncertainty analyses of К. induced by nuclear data were performed by TSUNAMI- 
3D module of SCALE6.2 together with ENDF/B-VII.1 and its 56-group covariance 
library (56groupcov7.1) for standard modeling of ЕЕ1 and ЕЗ core configurations. 
Here, the adjoint flux was obtained by the CLUTCH method [26]. 

Variation in the manufacturing tolerance of HEU plates is provided by statistically 
processing the measured results (enrichment and thickness) of all plates at KUCA 
and with specification sheet in the fabrication for length of each side, as shown in 
Table 8.1. On the basis of the variation in HEU plates, the uncertainty analyses for 
the enrichment and tolerance of length of both sides were conducted with KPERT 
option in MCNP6.1 together with ENDF/B-VII.1. Since the variation is too small 
to explicitly calculate the impact (difference in Ке values), a pseudo variation was 
considered 10%, instead of the actual variation shown in Table 8.1, in the perturbation 
for the enrichment and length of sides of the HEU plates. Here, while varying the 
length of the sides of HEU plates, their mass was maintained by retaining the original 
number of atoms. The pseudo uncertainty of Keg attributed to varying the enrichment 
and length was converted to the actual one (Table 8.1) on the basis of the standard 
method provided in the guideline by OECD/NEA [27] as follows: 


N 


1 Акс 7 Adi 2 
АКеҥ = — -.---|, 8.20 
" 2, п; ( Adi x) — 


where, Ak. is the difference between Ке values before and after variation Aq; (the 
intensity of the pseudo variation), Ax; the real uncertainty shown in Table 8.1, л; 
the number of HEU plates involved in the variation, finally, i and N the region of 
perturbation and the total number of regions, respectively. In the calculation for the 
variation in the enrichment and the length of HEU plates, the core was divided into 
fuel rod regions in the x-y plane (25 divisions in ЕЕ1 core; 21 divisions in ЕЗ core) 
and into three regions in z axis (N = 75 and 63 in ЕЕ1 and ЕЗ cores, respectively). 
The uncertainty of Кет by varying the thickness of HEU plates was evaluated by 
setting all HEU plates 3.1% decreasing in thickness according to Ref. [14]. 

The uncertainty attributed to the reproducibility of control rod position was 
approximately evaluated by eigenvalue calculations (Eq. (8.20)) with MCNP6.1, and 
by varying control rod position (x-y directions) in the casing for 5.15 mm radially 
(Aq; in Eq. (8.20)) and by 8 segments circumferentially. Then, the actual uncertainty 
of control rod position in the x-y plane is limited to a radius of 1.15 mm (Ax; in 
Eq. (8.20)). In the case of one (two) control rod(s) inserted, N in Eq. (8.20) becomes 
8 (64). The uncertainty was finally deduced by subtracting the Кет value obtained at 
the reference position from that obtained by varying the position. 
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8.3.2 Uncertainty 


8.3.2.1 Eigenvalue Bias 


The eigenvalue calculations with the use of MCNP6.1 and SCALE code system 
were performed for a total of 1E + 08 histories (1E + 03 active cycles of 1E + 
05 each); the statistical error was less than 10 pcm. Through the comparison of 
the results of Кен: between MCNP6.1 and SCALE6.2/KENO-VI, the difference was 
found about 100 pcm іп EEI core and about 200 pcm іп ЕЗ core, as shown in 
Tables 8.8 and 8.9, respectively. Moreover, eigenvalue bias was dependent on the 
neutron spectrum of the core: about 350 pcm and about 600 pcm in ЕЕ1 and ЕЗ 
cores, respectively. Interestingly, the uncertainty induced by nuclear data showed 
about 950 pcm in the Кет evaluation by the SCALE code. Also, the uncertainty was 
found almost same value regardless of the control rod position, indicating that the 
neutronic characteristics are the same even at insertion and withdrawal of control 
rods. 

To validate the modeling of core configuration and eigenvalue calculations, the 
calculated results of excess reactivity and control rod worth compared with the 
measured ones in ЕЕ1 and ЕЗ cores, as shown in Tables 8.10 and 8.11, respec- 
tively. Although eigenvalue bias was smaller than the uncertainty induced by nuclear 


Table 8.8 Comparison of Кен values between experiments and calculations (MCNP6.1 and 
SCALEO6.2) in EEI core (Ref. [2]) 


Case |Core |Inserted Effective multiplication factor keff 
control rod | Experiment MCNP6.1 SCALE6.2 
(position) 
1.00202 + 0.00006 | 1.00534 + 0.00009 | 1.00574 + 0.00009 
(947.7 + 0.3 pem)* 
1-2 ЕБІ | Cl (critical | 1.00000 1.00348 + 0.00009 | 1.00395 + 0.00010 
position) (948.3 + 0.3 рст) 
1-3 EE! |C3(critical | 1.00000 1.00374 + 0.00009 | 1.00383 + 0.00010 
position) (949.0 + 0.3 рст) 
1-4 EE! | C3 (critical | 0.99199 + 0.00001 | 0.99651 = 0.00009 | 0.99533 + 0.00010 
position) (956.5 + 0.3 pem) 
СІ (full 
inserted) 
I-5 ЕЕІ |C3 (critical | 0.99861 + 0.00002 | 1.00359 + 0.00009 | 1.00242 + 0.00010 
position) (949.7 + 0.3 рст) 
C2 (full 
inserted) 
1-6 EE! | СІ (critical | 0.99501 + 0.00008 | 1.00002 + 0.00009 | 0.99899 + 0.00010 
position) (953.7 + 0.3 pem) 
C3 (full 
inserted) 


*Uncertainty by SCALEW6.2/TSUNAMI-3D 
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Table 8.9 Comparison of keff values between experiments and calculations (MCNP6.1 and 
SCALE6.2) іп ЕЗ core (Ref. [2]) 


Case |Core |Inserted Effective multiplication factor keff 
control rod. | Experiment MCNP6.1 SCALE6.2 
(position) 
П-1 ЕЗ - 1.00253 + 0.00002 | 1.00823 + 0.00008 | 1.01045 + 0.00009 
(911.7 + 0.3 pem)* 
1-2 ЕЗ СІ (critical | 1.00000 1.00578 + 0.00008 | 1.00811 + 0.00009 
position) (912.6 + 0.3 рст) 
I-3 | E3 C2 (critical | 1.00000 1.00614 + 0.00008 | 1.00820 + 0.00009 
position) (913.4 + 0.3 pem) 
П-4 ЕЗ C2 (critical | 0.99477 + 0.00006 | 1.00275 + 0.00008 | 1.00312 + 0.00009 
position) (918.6 + 0.3 рст) 
СІ (full 
inserted) 
I-5 | E3 Cl (critical | 0.99592 + 0.00004 | 1.00212 + 0.00008 | 1.00396 + 0.00009 
position) (918.0 + 0.3 pem) 
C2 (full 
inserted) 
П-6 |ЕЗ СІ (critical | 0.99687 + 0.00004 | 1.00074 + 0.00008 | 1.00495 + 0.00010 
position) (916.3 + 0.3 pem) 
C3 (full 
inserted) 


*Uncertainty by SCALEW6.2/TSUNAMI-3D 


Table 8.10 Comparison between measured and calculated reactivity at critical experiments in EE1 


core (Ref. [2]) 


Reactivity Experiment [pcm] MCNPS.1 [рст] SCALE6.2/KENO-VI [рст] 
Excess 202+ 6 184 + 13 189 + 19 
(0.91 + 0.07) (0.93 + 010) 
СІ rod 807 + 11 876 + 13 862 + 14 
(1.09 + 0.02) (1.07 + 0.02) 
C2 rod 139+3 151 4 13 152 + 14 
(1.09 + 0.09) (1.09 0.10) 
C3 rod 502 + 8 525 + 13 494 + 14 
(1.05 + 0.03) (0.98 + 0.03) 


0: C/E (calculation/experiment) value 


data, the comparison revealed the relative difference of 10% in C/E (calcula- 
tion/experiment) values, indicating that the calculations of ЕЕ1 and ЕЗ cores were 
valid and pertinently modeled for experimental analyses. 
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Table 8.11 Comparison between measured and calculated reactivity at critical experiments in ЕЗ 
core (Ref. [2]) 


Reactivity Experiment[pcm] MCNPS.1 [рст] SCALE-6.2/KENO-VI [pcm] 
Excess 252 +2 242 + 11 229 + 13 
(0.96 -Е 0.04) (0.91 + 0.05) 
C1 rod 526+ 6 536+ 11 502 + 13 
(1.02 + 0.02) (0.95 + 0.03) 
C2 rod 410 x4 377+ 11 410 + 13 
(0.92 + 0.03) (1.00 + 0.03) 
C3 rod 314+4 315 + 11 312 + 13 
(1.04 + 0.04) (0.99 + 0.04) 


0: C/E (calculation/experiment) value 


8.3.2.2 Core Components 


The impact of 2350 was observed about a significant 900 pcm in both ЕЕ! and ЕЗ 
cores, as shown in Tables 8.12 and 8.13, respectively. Especially, in the EE1 core, 
the uncertainty was mostly composed of the values of x, v and (n, y) (capture cross 
section) reactions of 2251] that are related to the infinite multiplication factor. In fact, 
sensitivity profiles of the x value of 2350 shown in Fig. 8.8 were large with a large 
number of standard deviations. A marked difference was observed in the v value of 
2551) shown in Fig. 8.9 between ЕЕ1 and ЕЗ cores at thermal neutron and resonance 
regions in sensitivity profiles; also, core spectrum dependence on sensitivity was 
effectively canceled by constant standard deviation at these regions. 

The uncertainty of capture reactions of polyethylene with the consideration of the 
thermal scattering law 5(0, В) (termed ІҢ in Tables 8.12 and 8.13) was effective in 
ЕЗ core more than scattering (*!H (n, n)) reactions caused by the soft spectrum соге 
with a large number of moderators as indicated by sensitivity profiles in Figs. 8.10 
and 8.11. 

Furthermore, the core spectrum was found to be dependent on the uncertainty of 
aluminum (АТ) in the HEU plate (U-Al alloy) and aluminum in the core component 
(Al sheath) at КОСА indicated by '?"AI" and “*?7Al,” respectively, as shown іп 
Figs. 8.12 and 8.13. In the ЕБІ core, elastic scattering and inelastic scattering (27 Al 
(n, n')) reactions in HEU plates affected the uncertainty because of the large sensitivity 
at the fast neutron region as shown in Figs. 8.14 and 8.15, respectively. Also, at the 
hard spectrum core, elastic scattering reactions of the Al sheath indicated higher 
value than that of AI in HEU plates. Here, uncertainty that is not varied by control 
rod insertion should be emphasized, because the impact of nuclear reactions related 
to boron are very small and not shown in Tables 8.12 and 8.13. Accordingly, the 
calculated results of excess reactivity and control rod worth were considered in good 
agreement with the measured ones within a 10% difference because the uncertainty 
of boron is not induced by control rod insertions. 
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Table 8.12 Breakdown of the uncertainty [pcm] of keff in nuclides and nuclear reactions іп EE1 


core (Ref. [2]) 


Component | Nuclides Case 
reaction 1-1 r2 1-3 1-4 1-5 1-6 
Versus 
reaction 

HEU 2350 23350 | 770.86 771.73 
X X 0.27 + 0.27 
2350 12305 |36018 359.88 
D v 0.01 + 0.01 
3508 2350 121632 216.34 
(п, y) | (п, у) 0.01 + 0.01 
2350 1230 | 103.38 103.38 
(п, Р) | (п, y) 0.01 + 0.01 
2350 |235 |69.71 69.88 
(п, ў) f) 0.01 + 0.01 
27А] | 27А] | 147.30 149.45 
(п, п) | (п, п) 0.07 + 0.08 
27 А] |27 Al | 142.17 144.64 
(n, п’) | (n, n") 0.03 + 0.03 
27 А] |27 Al |4341 43.56 
(п, y) | (пу) 0.01 + 0.01 

Polyethylene |“ІН |*Н | 192.70 193.34 
(п,п) |(п,п) 0.02 + 0.02 
“Иң жн |120.60 115.26 
(п,у) |т,у) 0.01 + 0.01 
C(n |C(n |61.06 60.97 
n) n) 0.01 + 0.01 
С (п, |С (п, | 24.88 24.66 
п! n 0.01 + 0.01 
Ст, |C(n |-2407 -23.95 
n) n) 0.01 + 0.01 

Aluminum | *27Al [А1 (п, 93.22 92.56 |95.85 |96.56 95.91 96.67 

sheath (n,n) |n) 0.03 0.03 0.03 0.03 0.03 + 0.03 
"7A] | АТ(и, |4957 |4980 |4980 |5028 50.28 49.92 
(n, n) |n 0.01 0.01 0.01 0.01 001 |+0.01 

Control rod. |108 |108 |9.5Е-08 | 1.0E-03 | 9.5E-04 | 5.42E-03 | 1.59E-03 | 3.52E-03 
(n, y) | Qn y) 


*With consideration of thermal scattering law S(o, В) 
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Table8.13 Breakdown of the uncertainty [pcm] of Кен in nuclides and nuclear reactions іп ЕЗ core 
(Ref. |21) 


Component | Nuclides reaction | Case 
yersus reaction П-1 П-2 П-3 П-4 П-5 П-6 


HEU 35 y 2330 х 172635 |729.64 | 731.48 | 735.58 | 735.63 | 735.89 
0.25 0.25 0.25 0.25 0.25 0.25 


2359 |2350 р | 379.52 | 379.50 | 379.49 | 379.46 | 379.47 | 379.47 
+0.01 0.01 0.01 0.01 0.01 0.01 


2355 (и, | 2350 (и, | 182.95 | 182.85 | 182.86 | 182.70 | 182.77 | 182.75 
y) y) + 0.01 0.01 0.01 0.01 0.01 0.01 
235U (n, | 2350 (n, 126.42 |126.44 |12644 |126.46 |126.45 |126.46 
f) f) + 0.01 0.01 0.01 0.01 0.01 0.01 
2350 (n, | 2350 (n, 109.66 |109.76 |109.74 |109.87 |109.82 | 109.84 
f) y) + 0.01 0.01 0.01 0.01 0.01 0.01 
27А] (п, |” Al (п, 40.01 139.8 |4038 |4025 4152 |41.07 
n) n) + 0.01 0.01 0.01 0.01 0.01 0.01 
27 АТ (n, |7 Al (п, 37.25 137.68 |3811 |3784 137.66 | 37.64 
n) n) + 0.01 0.01 0.01 0.01 0.01 0.01 
Polyethylene | *'H (n, | *!Н (п, |217.00 |215.12 |214.89 |211.03 |211.60 | 212.23 
y) y) 0.01 0.01 0.01 0.01 0.01 0.01 
*IH (и, |*'H(n |188.58 |188.17 |187.72 |191.17 |190.96 |190.40 
n) n) 0.03 0.03 0.03 0.03 0.03 0.03 


С (п, п) |C (n,n) |57.98 57.70 57.90 58.40 58.44 58.42 
+ 0.01 0.01 0.01 0.01 0.01 0.01 


С (п, п?) |С (п, п?) |316 |3225 |3229 |3179 |3225 32.37 
+ 0.01 0.01 0.01 0.01 0.01 0.01 


С (n,n) |C (n,n) | -28.83 |-28.94 |-29.01 |-2870 |-28.98 |-28.94 
+ 0.01 0.01 0.01 0.01 0.01 0.01 


Aluminum | *27А1 (n, | * Al (и, | 68.36 |6946 |6811 |6872 |7006 69.49 


sheath n) n) + 0.02 0.02 0.02 0.02 0.02 0.02 
*27 Al (n, | *7 Al (n, 37.69 137.50 |3767 |3761 |3742 37.60 
п!) п!) + 0.01 0.01 0.01 0.01 0.01 0.01 
*21 A] (п, | ?7Al(n | 30.81 |3043 |3039 129.52 |2966 129.82 
у) у) 0.01 0.01 0.01 0.01 0.01 0.01 

Control той | !9В (п, | !9В (п, |1.1E-07 | 1.1E-03 | 1.0E-03 | 3.5E-03 | 2.9E-03 | 2.5E-03 
y) y) 


*With consideration of thermal scattering law 5(0, В) 


8.3.2.3 Tolerance of HEU Plate 


For the variation in manufacturing tolerance of HEU plates shown in Table 8.1, 
uncertainty was evaluated with MCNP6.1 together with ENDF/B-VII.1 with the 
same number of histories as was reactivity evaluation, as shown in Tables 8.14 and 
8.15. Based on the evaluation of the uncertainty for HEU plates, the uncertainty of the 
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Fig. 8.8 Sensitivity profile and standard deviation covariance data for x value of 2350 (Ref. [2]) 
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Fig. 8.9 Sensitivity profile and standard deviation covariance data for v value of 2350 (Ref. [2]) 


enrichment (4—14 pcm), length of sides (5 pcm), and thickness (10 pcm) was small 
regardless of the position of the control rods. Nonetheless, the difference of neutron 
spectra demonstrated its dependence on the uncertainty between ЕЕ1 and ЕЗ cores, 
emphasizing especially the variation of total number of fuel plates: 3000 and 756 
plates in ЕЕ1 and ЕЗ cores, respectively. Additionally, the uncertainty attributed to 
variation in manufacturing tolerance was smaller than that induced by nuclear data, 
indicating that uncertainty induced by nuclear data is reasonable for the accuracy of 
criticality at KUCA. 
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Fig. 8.10 Sensitivity profile and standard deviation covariance data for Н (n, n) reactions 
(polyethylene) (Ref. [2]) 
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Fig. 8.11 Sensitivity profile and standard deviation in covariance data for H (n, y) reactions 
(polyethylene) (Ref. [2]) 


8.3.244  Reproducibility of Control Rod Position 


The uncertainty induced by the reproducibility of control rod positions, as shown in 
Tables 8.14 and 8.15, indicated about 3 pcm even at the withdrawal (no insertion) 
of control rods in Cases I-1 and II-1, showing an index of accuracy induced by the 
approximation in Eq. (8.20). By considering the index from the control rod insertion 
pattern, the uncertainty attributed to varying control rod position was evaluated about 
8 pcm depending slightly on the insertion pattern. Here, the evaluated uncertainty was 
nearly the same as the experimental uncertainty in the reactivity shown in Tables 8.10 
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Fig. 8.12 Uncertainty of aluminum in HEU (U-AI alloy) plates, aluminum sheath, and control rod 
guide tube induced by nuclear data in EE1 core (Ref. [2]) 
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Fig. 8.13 Uncertainty of aluminum in HEU (U-AI alloy) plates, aluminum sheath, and control rod 
guide tube induced by nuclear data in E3 core (Ref. [2]) 


and 8.11 (2 рст through 11 pcm), demonstrating that the measured reactivity was 
slightly varied by the position of control rods. 


8.4 Conclusion 


Sensitivity and uncertainty analyses were conducted with the combined use of exper- 
imental results (excess reactivity and control rod worth) carried out at KUCA and 
numerical simulations by the MCNP6.1 calculations, the SRAC2006 and MARBLE 
code systems. The experimental value was compared with the calculated one by 
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Fig. 8.14 Sensitivity profile and standard deviation in covariance data for 27А] (n, y) reactions 
(HEU plate) (Ref. [2]) 
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Fig. 8.15 Sensitivity profile and standard deviation in covariance data for 27 Al (n, n^) reactions 
(HEU plate) (Ref. [2]) 


Table 8.14 Uncertainty [pcm] of keff attributed to manufacturing variation in HEU plates in 
Table 8.1 and reproducibility of control rods for EE! core (Ref. [2]) 


Case |Enrichment of | Vertical length | Horizontal Thickness Reproducibility 
2350 length of control rod 
1-1 4.25 + 0.09 4.19 + 0.38 3.68 + 0.43 9.44 + 0.23 |3.23 + 3.55 
1-2 4.21 + 0.09 3.80 = 0.40 4.10 = 0.41 9.60 = 0.23 | 2.22 + 3.77 
1-3 4.08 = 0.09 4.51 + 0.34 3.59 = 0.40 9.68 + 0.23 | 7.22 + 3.57 
1-4 4.21 = 0.09 4.59 = 0.39 4.40 + 0.38 9.68 + 0.23 | 5.54 + 3.56 
1-5 4.14 + 0.09 3.69 + 0.37 422-041 |10.08+0.23 | 4.65 + 3.56 
I-6 4.13 + 0.09 4.15 + 0.38 4.23 + 0.41 9.80 + 0.23 | 4.28 + 3.56 
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Table 8.15 Uncertainty [pcm] of keff attributed to manufacturing variation in HEU plates in 
Table 8.1 and reproducibility of control rods for E3 core (Ref. [2]) 


Case | Enrichment of | Vertical length | Horizontal length | Thickness Reproducibility of 
2350 control rod 
П-1 |13.20 0.11 | 3.004 0.25 3.09 + 0.28 8.40 + 0.41 | 2.47 + 3.16 
П-2 |13.22 +0.11 |3.15 = 0.31 3.41 + 0.35 7.71 + 0.41 | 2.90 + 3.17 
П-3 |13.27 +0.11 |3.00+0.29 3.19 + 0.30 8.11 = 0.41 | 3.56 + 317 
П-4 |13.36 +0.11 | 3.104 0.29. 2.60 + 0.31 8.04 + 0.41 | 6.78 + 3.14 
П-5 |13.50 +0.11 | 2.90 + 0.32 3.03 + 0.31 7.42 + 0.41 | 3.99 + 3.16 
П-6 | 13.30+0.11 | 3.08 = 0.28 2.89 + 0.32 7.93 = 0.41 | 4.10 = 3.15 


the deterministic approach with the covariance data of JENDL-4.0. Sensitivity and 
uncertainty analyses demonstrated that the impact of 27 Al and 2350 was remarkably 
large in the KUCA A cores, respectively. Moreover, the numerical results revealed 
the quantitative evaluation (about 150 pcm) of uncertainty induced by the JENDL- 
4.0 data library in the A cores. Also, these results indicated that further investigation 
is needed of the numerical analyses of uncertainty of 27 Al composed mainly of core 
components in the A cores, with the use of 27 A] covariance data, in order to assess 
the effect of the uncertainty of 27 AI cross sections on reactivity. 

To ensure the accuracy of criticality by experimental analyses at KUCA, the 
modeling of core configuration was examined through the comparison of excess 
reactivity and control rod worth between the calculation and the experiment in hard 
and soft spectrum cores. Furthermore, uncertainty was evaluated for manufacturing 
tolerance in HEU plates, for reproducibility ofthe control rod position, and for nuclear 
data. In the validation estimation of calculated ke values in the modeling of reference 
core materials and core configurations with MCNP6.1 and SCALE6.2/KENO- VI, the 
bias in calculated Кен values showed that the difference in the spectrum was about 350 
pcm in ЕЕ1 core and about 600 pcm іп ЕЗ core. Moreover, uncertainty of keg induced 
by nuclear data indicated about 950 pcm for Кет evaluation with a slight variation in 
control rod position and core spectrum. In the breakdown of the uncertainty of keff 
induced by nuclear data, the impact of 2350 was significantly dominant in over 90% 
for both cores. The sensitivities of Al in HEU plates and in Al sheaths were marked 
in fast neutron and resonance regions, leading to large uncertainty about 100 pcm 
and 40 pcm in ЕЕ1 and ЕЗ cores, respectively. Also, uncertainty was evaluated about 
10 and 8 рст in the tolerance of HEU plates and the reproducibility of control rod 
positions, respectively. 
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Appendix A1: Experimental Benchmarks 
on ADS at Kyoto University Critical 
Assembly 


A1.1 Experimental Settings of ADS Benchmarks 
А1.1.1 Core Components 


See (Figs. Al.1, А1.2, А1.3, A14, А1.5, А1.6, А1.7, А1.8, А1.9, А1.10, А1.11, 
А1.12 апа A1.13). 
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Fig. A1.1 Top view of KUCA core configuration (Ref. [1]) 
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Fig. А1.2 Fall sideway view of “F” (3/8"P36EU) fuel assembly (Ref. [1]) 
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Fig. A1.3 Description of fuel assembly at KUCA (Ref. [1]) 
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Polyethylene plate 


Fig. А1.4 Description of fuel and polyethylene plates (Ref. [1]) 
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Fig. А1.5 Description of polyethylene (Aluminum) reflector at КОСА (Ref. [1]) 
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Fig. A1.7 Description of fuel assembly, polyethylene reflector and control rod (Ref. [1]) 
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Fig. A1.9 Actual position of control (safety) rod. (Actual position = Measured position — 114 mm) 
(Ref. [1]) 
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Fig. A1.10 Attachment of target, Al and In foils at location of polyethylene rod (Ref. [3]) 
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Fig. AL.11 Side view of target and core configuration with 100 MeV protons (Ref. [3]) 
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Fig. А1.12 Fall sideway view of HEU fuel rod (Ref. [3]) 
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Fig. A1.13 Target configuration of location of original target (Ref. [3]) 
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A1.1.2 Atomic Number Density of Core Elements 
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See (Tables А1.1, А1.2, А1.3, А1.4, А1.5, А1.6, А1.7, А1.8, А1.9, А1.10, А1.11 
апа А1.12) 


Table А1.1 Highly-enriched uranium (HEU or EU) fuel plate made of U-AI alloy (Ref. |1) 


Isotope Atomic density [x 107^ cm-?] 
1/16"EU plate [1.5875 mm] 

2341) 1.13659Е-05 

2350 1.50682E-03 

2361] 4.82971E-06 

2381) 9.25879E-05 

27 A] 5.56436E-02 


Table А1.2 Polyethylene reflector (PE) (Ref. [1]) 


Isotope | Atomic density [x 1024 cm73] 
1/8"PE plate [3.086 | 1/A"PE plate [6.300 | 1/2’PE plate | 19"PE rod [483.085 
mm] mm] [12.500 mm] | тт] 

ІН 8.02167Е-02 8.08711Е-02 8.06560Е-02 |8.00083Е-02 

e 4.01084E-02 4.04356E-02 4.03280E-02 | 4.00042E-02 


Table A1.3 Control and safety rods (Ref. [1]) 


Isotope Atomic density [x 1024 cm~4] 
10B 3.87448E-03 
ПВ 1.68447E-02 
160 3.10787E-02 


Table A1.4 Aluminum sheath for the core element and 1/16” А1 plate (Ref. [1]) 


Isotope 


27 Al 


Atomic density [x 1074 cm-?] 


6.00385E-02 


1/16" A] plate [1.5875 mm] 


Table A1.5 !!5In, 56Ее, 27 A], 9? Nb, 197 Au and Cd foils (Ref. [1]) 


Foil Isotope Abundance (46) Purity (46) Atomic density [x 1024 сш” 3] 
H5] 13 4.29 99.99 1.64406E-03 

15р 95.71 99.99 3.66790E-02 
56Ее 54Ее 5.845 99.5 4.93395Е-03 

56ке 91.754 99.5 7.74524Е-02. 

STFe 2.119 99.5 1.78871E-03 

58Fe 0.282 99.5 2.38045E-04 


(continued) 
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Table A1.5 (continued) 
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Foil Isotope Abundance (96) Purity (76) Atomic density [x 1024 ст 3] 
ШІ ?TAI 100 99.5 5.99156E-02 
3Nb 93Nb 100 99.9 5.54750E-02 
197 Au 197 Au 100 99.95 5.90193E-02 
Cd 10668 1.25 99.99 5.39648E-04 
108 Са 0.89 99.99 3.91477Е-04 
поса 12.51 99.99 5.59564Е-03 
шса 12.81 99.99 5.78677Е-02 
120g 24.13 99.99 1.10072E-02 
113¢q 12.22 99.99 5.62419E-03 
114 Са 28.72 99.99 1.33398 Е-02 
16 Са 7.47 99.99 3.53884Е-03 


Table А1.6 W, Be and Pb-Bi targets (Ref. [3]) 


Target Isotope | Abundance (%) | Atomic density [x 1024 cm-?] 

W (50 mm diam. and 12.0 тт | ^w 0.12 8.04702E-05 

thick) 182W ^ 26,0 1.64613E-02 
183W 14.31 9.00328E-03 
1844y 30.64 1.93829E-02 
1864y 28.43 1.81807E-02 

Ве (50 mm diam. and 10.0 тт |?Be 100 1.23487E-01 

thick) 

Pb-Bi (44.5/55.5) 204pp 14 1.87461E-04 

(50 mm diam. and 18.0 mm 206pp 24.1 3.25860E-03 

thick) a 

[3.426 mm] 28р |524 7.15378Е-03 
209g; 100 1.67670E-02 


Table A1.7 Beam tube component (SUS304) shown in Fig. A1.3 (Ref. [3]) 


Isotope Atomic density [x 107^ cm-?] 
“Fe 3.55712E-03 
5S6 Fe 5.58391E-02 
57Fe 1.28957E-03 
58 Ее 1.71618E-04 
50Cr 7.51530E-04 
52Cr 1.44925E-02 


(continued) 
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Table A1.7 (continued) 


Isotope Atomic density [x 107^ cm-?] 
B3Cr 1.64333E-03 
Mcr 4.09060E-04 
58Nj 5.10587E-03 
60 1.96674E-03 
6! Nj 8.54932E-05 
бі 2.72597Е-04 
“Ni 6.94130E-05 


Table A1.8 Polyethylene moderator “p” (Ref. [3]) 


Isotope Atomic density [x 1024 cm-?] 

1/8"p plate [3.158 mm] 10"p rod [254.00 mm] 
H 7.17938Е-02 7.97990Е-02 
C 3.95860E-02 4.08960E-02 


Table A1.9 Coating materials (Face; 1st and Base 2nd layers) over Pb-Bi plate (Ref. [3]) 


Nuclide | Isotope | Atomic density [x 1024 cm-?] (Face; | Atomic density [x 1024 cm-?] (Base; 
Ist layer) 2nd layer) 
H ІН 2.83301Е-03 3.78991Е-03 
?H 4.25015E-07 5.64072E-07 
C - 2.27058E-03 4.0367 1E-03 
О 60 2.06885Е-03 4.58782Е-04 
70 7.88039E-07 1.74753E-07 
80 4.14757E-06 9.19753E-07 
Ti 46Ti — |2.50941E-05 5.36896E-05 
47ті 2.28983E-05 4.89918E-05 
48Ti — |2.31493E-04 4.95287E-04 
49Ti 1.72522Е-05 3.69116Е-05 
50ті 1.69385Е-05 3.62405Е-05 
бі 2851 = 1.86243E-05 
2951 |- 9.43026E-07 
9% |- 6.25992E-07 
S 325 4.16818Е-04 E 
335 3.28997Е-06 Е 
345 1.84677Е-05 2 
555 8.77326Е-08 = 


(continued) 
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Table A1.9 (continued) 


Nuclide | Isotope | Atomic density [x 1024 cm-?] (Face; | Atomic density [x 1024 cm~3] (Base; 
Ist layer) 2nd layer) 
Ba 132Ва |4.43050Е-07 - 
134Ва | 1.06025E-05 - 
135Ва |2.89167Е-05 - 
136Ва |3.44526Е-05 - 
137Ва |4.92619Е-05 - 
138Ва |3.14521Е-04 - 


Table A1.10 1/8”РЬ plate (Refs. [4-5]) 


Isotope Abundance (46) Atomic density [x 1024 cm-?] 
[3.011 mm] 

204pp 1.4 4.668193E-04 

206pp 24.1 8.035960E-03 

207pp 22.1 7.369076E-03 

208pp 52.4 1.747238E-02 


Table А1.11 1/8”Bi plate (Ref. [4]) 


Isotope 


209 і 


Abundance (%) 


100 


[3.002 mm] 


Atomic density [x 1024 cm-?] 


2.65467E-02 


Table А1.12 Core elements of 2"Gr, 1/8"Th, 1/8"NU, 1/2"Gr and 1/2"Be (Refs. [2-5]) 


Elements Isotope | Atomic density [x 1074 ст 3] 
2" Gr block [50.80 mm] С 8.64182Е-02 
1/8" Th (thorium) fuel plate [3.175 mm] 232Th |2.86384Е-02 
1/8"NU (natural uranium) fuel plate [1.05 mm x 3] 2350 3.25792Е-04 
281) |4.48577Е-02 
1/2" Се (graphite) plate [12.7 mm] C 8.60664E-02 
1/2"Be (beryllium) plate [12.5 mm] Be 1.22932E-01 
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Appendix A2: 2350 -Еиееа and Pb-Bi-Zoned 


ADS Core 


A2.1 Pb-Bi Target 


A2.1.1 Core Configurations 


See (Figs. A2.1, A2.2, A2.3 and A2.4). 
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Fig. A2.1 Top view of core configuration of ADS with 100 MeV protons (in case of the In wire 


reaction rate distribution) (Ref. [1]) 


© The Editor(s) (if applicable) and The Author(s) 2021 
C. H. Pyeon (ed.), Accelerator-Driven System at Kyoto University Critical Assembly, 
https://doi.org/10.1007/978-98 1- 16-0344-0 
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1/16” EUx2 Unit cell 
(1/8) (1/4”) 


Void (1.46") 


Polyethylene (PE) Polyethylene (PE) 
(19.25") (596.90 mm) 


1/2"PEx9*19"PE 


1/8”7РЕ 


20 тт АІ plate 1/4*PE+19"PE (19.25") (23.5”) 
Reflector 20.04" Fuel 15" Reflector 24.96" 
(Lower) (Unit cell 60 times) (Upper) 


Fig. А2.2 Fall sideway view of “F” (1/8"P60EUEU) fuel assembly (Ref. [1]) 
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Fig. A2.3 Core configurations of ADS with 100 MeV protons (Black: Full-in; White: Full-out) (in 
cases of subcriticality measurement by the PNS and the Noise methods) (Ref. [1]) 
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Fig. A2.3 (continued) 
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Fig. А2.4 Schema of an 
optical fiber detection system 
(Ref. [1]) 


1mm- 


Assembly 


2mm 


A2.1.2 Results of Experiments 


A2.1.2.1 Reaction Rate Distribution 


AN 


ve OON 
Remotely controlled 


driving motor 


«—- Plastic optical fiber 


+— 


Al pipe 
A Pip 


Assembly ҒА 
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РМТ 
Атр. 
Соге 
Control room 
SCA ADC 
MCS MCA 


See (Tables A2.1, A2.2, A2.3, A2.4, A2.5 and A2.6, Figs. A2.5, A2.6, A2.7 and 


А2.8). 
к св“ Rod position (mm) 
critical state (Ref. [1]) C1 676.92 
C2 1201.16 
A3 1201.43 
S4 1200.00 
Ss poo 
S6 1200.00 
Excess reactivity [рст] 180+ 1 
un e ш re Rod Rod worth [pcm] 
C1 (S4) 805 + 4 
C2 (S6) 596 + 
A3 (S5) 139 + 4 
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Table A2.3 Measured reaction rates |8”! сіп” 3] and Cd ratio (Ref. [1]) 


W target W-Be target Pb-Bi target 
Au foil (Bare) (3.017 + 0.734) (3.330 + 0.026) (2.070 + 0.158) 
Е+06 Е+06 Е+06 
Au foil (Cd) (2.240 + 0.546) (2.406 + 0.020) (1.497 + 0.116) 
Е+06 Е+06 Е+06 
H5Tn(g, м7) 15а (2.176 + 0.078) (1.777 + 0.015) (1.578 + 0.051) 
Е+05 Е+05 Е+05 
27 Al(n, n+3p) Na (1.036 + 0.062) (1.185 + 0.080) (0.928 + 0.062) 
Е+06 Е+06 Е+06 
Са гапо 1.35 + 0.27 1.39 + 0.02 1.38 + 0.28 
Table A2.4 Core condition Case Number of fuel Rod insertion 
of indium reaction rate tods 
distribution in subcritical — O 
state (Ref. [1]) Case I-3 (referto |25 C1, C2, A3, S4, S5, 
Table A2.7) S6 
ТАНА Specification BE Reaction Location Foil/Wire 
measurement of reaction rate 
distribution (Ref. [1]) Тася, п) 5mm Target (refer to 10 x 10 x 1 mm 
Fig. A1.10) 
H5Tn(g, у) 16 Core (refer to 1 mm diameter, 800 
Fig. А1.11) mm long 
Table A2.6 Dimensions of : : 
Target D t Thickn 
targets (W, W-Be and Pb-Bi) arge iameter (mm) ickness (mm) 
(Ref. [1]) W 50 12.0 
W-Be 50 W: 12.0; Be: 10.0 
Pb-Bi 50 Pb-Bi: 18.0 
Fig. A2.5 Comparison 105 E T T T ттт] T T TTTTTIT T T TTTTTIT T T ктт] 
between neutron spectra with E Pb-Bi Е 
the use of W, W-Be and Г : a 1 
Pb-Bi targets (Refs. (1-21) 107 L = a 
10% 


г W target 


г W-Be target 
г Pb-Bi target 


10° 


Neutron flux per energy bin [1/cm?/eV/source] 


ТОЕ аа НЕЕ eT = 
10? 10" 10° 10' 10? 
Neutron energy [MeV] 
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Fig. A2.6 Comparison 
between neutron spectra with 
the use of W and W-Be 
targets (Refs. [1-2]) 


Fig. А2.7 Proportionality of 
cross sections of ! In 
capture and ???U fission 
reactions (Refs. [1-2]) 


Fig. A2.8 Comparison 
between normalized reaction 
rates obtained in ADS 
experiments (Refs. [1-2]) 
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A2.1.2.2 PNS апа Feynman- Methods 


See (Tables A2.7, A2.8, A2.9, A2.10, A2.11 and A2.12 and Figs. A2.9 and A2.10). 


Table A2.7 List of core condition in all the cores shown in Fig. A2.2 (Ref. [1]) 


Case # of fuel rods Rod insertion 100 MeV protons 

PNS Noise 
Case I-1 25 СІ, C2, АЗ Available Available 
Case I-2 25 СІ, C2, A3, S4 Available Available 
Case I-3 25 СІ, C2, АЗ, 54, 55, 56 Available Available 
Case 1-4 21 АП six rods withdrawn Available Available 
Case I-5 21 СІ, C2, 54, S6 Available Available 


PNS method: Pulsed-neutron source method; Noise method: Feynman-a method 


Table A2.8 Beam characteristics of 100 MeV protons (Ref. [1]) 


Case 100 MeV protons 
Repetition (Hz) Width (ns) 
Case 1-1 20 100 
Case I-2 20 100 
Case 1-3 20 100 
Case 1-4 20 100 
Case I-5 20 100 


Proton beam intensity was 1 nA; Spot size of proton beams: 40 mm. 


Table A2.9 Measured prompt neutron decay constants a [s~!] deduced by least-squared fitting in 
the PNS method (Ref. [1]) 


Neutron decay constants a [s !] 


Target ВЕ #1 in (10, U) ВЕ; #2 in (15, X) Optical fiber 
Case I-1 

W 737.1 + 56.0 739.6 + 9.5 706.4 + 83.3 
W-Be 732.5 + 5.2 747.8 + 5.5 782.0 + 5.1 
Pb-Bi 737.7 + 10.9 731.9 + 10.6 756.5 + 12.5 
Case I-2 

W 1059.9 + 10.0 1075.0 + 5.8 1215.2 + 12.5 
W-Be 1062.7 + 10.0 1085.6 + 4.0 1101.9 = 5.3 
Pb-Bi 1070.1 + 21.5 1072.0 + 20.0 1080.8 -- 8.3 
Case I-3 

У 1364.2 = 8.4 1372.5 = 9.9 1379.6 = 68.4 
W-Be 1377.2 + 6.5 1383.2 + 6.8 1402.3 + 10.3 
Pb-Bi 1338.0 + 3.7 1358.3 + 4.0 1381.5 € 7.1 


(continued) 
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Table A2.9 (continued) 
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Neutron decay constants a [s !] 


Target BF; #1 in (10, U) ВЕ; #2 in (15, X) Optical fiber 
Case I-4 

W 1052.0 + 7.5 1033.3 + 8.8 1204.5 + 16.6 
W-Be 1033.2 + 3.1 1027.7 + 3.5 1073.8 + 4.1 
Pb-Bi 1006.3 + 5.6 1004.1 + 6.1 1083.2 + 5.3 
Case I-5 

ХУ 1844.6 + 21.3 1845.9 + 17.7 1922.5 + 33.3 
W-Be 1770.5 + 3.7 1697.0 + 4.6 1909.1 + 3.9 
Pb-Bi 1785.2 + 9.4 1742.1 + 8.7 1895.5 = 11.1 


Table A2.10 Measured subcriticality [pcm] deduced by the extrapolated area ratio method (Ref. 


[1]) 

Subcriticality p [pcm] (by Area ratio method) 

Target BF; #1 in (10, U) ВЕ; #2 in (15, X) Optical fiber 
Case I-1 (Reference: pexp — 1360 pcm by experiment) 

W 1132 = 17 1393 + 20 1888 + 27 
W-Be 1145 + 18 1458 + 21 1473 + 21 
Pb-Bi 1166 + 18 1387 + 20 1390 + 20 


Case I-2 (Reference: pexp = 2165 pcm by experiment) 


W 1877 + 27 2363 + 35 3002 + 44 
W-Be 1879 + 28 2463 + 36 2229 + 33 
Pb-Bi 1926 + 29 2356 + 35 2252 + 33 
Case I-3 (Reference: pexp = 2900 pcm by experiment) 

W 2398 + 35 3156 + 46 3822 + 58 
W-Be 2502 + 39 3405 + 51 2939 + 45 
Pb-Bi 2624 + 39 3238 + 48 2977 + 45 
Case I-4 (Reference: pycnpx = 2773 pem by MCNP) 

W 2682 + 39 329] + 48 3672 + 55 
W-Be 2688 + 41 3483 + 52 2910 + 43 


Pb-Bi 2738 + 41 3302 + 49 2922 + 44 
Case 1-5 (Reference: рмсмрх = 4902 рст Бу MCNP) 

У 4944 = 78 6386 = 101 6228 = 99 
W-Be 5004 + 83 7050 + 114 4929 + 77 
Pb-Bi 4903 + 77 6356 + 92 4912 + 74 


(Вет = 807 pcm; A = 3.050E-05 s by MCNP6.1 with JENDL-4.0) 
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Table A2.11 Measured prompt neutron decay constants о [s ^! ] deduced by least-squared fitting 


in the Feynman-a method (Ref. [1]) 


Neutron decay constants a [s 11 


Target BF; #1 in (10, U) BF; #2 in (15, X) Optical fiber 
Case I-1 

ХУ 632.5 = 7.1 665.4 12.5 636.6 = 10.8 
W-Be 641.8 + 21.2 683.0 + 13.5 705.6 + 11.8 
Pb-Bi 616.2 + 30.4 650.7 + 26.8 714.2 + 19.4 
Case I-2 

W 878.7 + 22.2 869.1 + 28.2 1089.8 + 60.2 
W-Be 874.7 + 12.6 912.8 + 23.7 1073.4 + 60.4 
Pb-Bi 885.0 + 25.3 898.5 + 36.3 970.2 + 62.6 
Case 1-3 

W 1086.4 + 21.6 1103.1 + 26.8 1407.5 + 57.1 
W-Be 1094.3 + 11.8 1159.6 + 16.4 1296.0 + 18.6 
Pb-Bi 1124.8 + 13.9 1132.8 + 23.4 1308.5 + 19.5 
Case I-4 

ХУ 889.0 + 11.6 941.8 + 20.5 1072.8 + 23.8 
W-Be 880.1 + 12.8 975.5 + 35.0 999.7 = 11.4 
Pb-Bi 900.0 + 17.5 931.1 + 10.5 1021.5 + 23.3 
Case I-5 

W 1487.9 + 48.9 1451.6 + 35.4 1965.8 + 91.7 
W-Be 1456.5 + 18.8 1575.3 + 28.5 1746.6 + 23.2 
Pb-Bi 1390.4 + 95.4 1431.6 + 96.1 1682.6 + 142.9 


Table A2.12 Measured subcriticality [pcm] deduced by the Feynman-a method (Ref. [1]) 


Subcriticality р [pcm] (by Feynman-a method) 


Target BF; #1 in (10, U) BF; #2 in (15, X) Optical fiber 
Case I-1 (Reference: pexp = 1360 pcm) 

ХУ 1122 + 25 1515 = 40 1406 + 35 
W-Be 1151 + 66 1581 + 43 1667 + 38 
Pb-Bi 1073 + 94 1459 + 83 1699 + 61 
Case I-2 (Reference: рехр = 2165 pcm) 

уу 1873 + 69 2285 +87 3119 + 184 
W-Be 1861 = 41 2450 + 74 3057 + 185 
Pb-Bi 1892 + 78 2396+ 112 2667 + 191 
Case I-3 (Reference: рехр = 2900 pcm) 

уу 2507 + 67 3169 + 83 4320 + 175 
W-Be 2531 + 39 3383 + 52 3898 + 59 


(continued) 
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Table A2.12 (continued) 


Subcriticality р [pcm] (by Feynman-a method) 


Target BF3 #1 in (10, U) BF3 #2 in (15, X) Optical fiber 
Pb-Bi 2624 + 45 3282 + 73 3946 + 61 
Case I-4 (Reference: рмсмрх = 2773 рст) 

W 1905 + 38 2560 + 64 3055 +74 
W-Be 1877+ 41 2884 + 108 2778 + 37 
Pb-Bi 1938 + 55 2519 + 35 2861 + 72 
Case 1-5 (Reference: рмсмрх = 4902 рст) 

W 373] = 150 4486 + 109 6430 + 280 
W-Be 3634 + 60 4954 + 86 5601 + 73 
Pb-Bi 3434 + 291 4411 + 294 5360 + 436 


(Вет = 807 pcm; A = 3.050E-05 s by MCNP6.1 with JENDL-4.0) 


Pexp = 2900 рст (BF, #1) 


* W target 
^ W-Be target 


= Pb-Bi target 


E 


Fig. A2.9 Experimental 105 тит 
results of time evolution on E 
prompt and delayed neutron р 
behaviors at position (10, U) — 104 
of BF3 detector #1 in Case 5 Е 
I-3 (Refs. [1-2]) 2 Е 
E. L 
= 10%- 
Е Е 
5 E 
а Е 
О | 
10? E 
F 
101 | ju ge aee] 
0 0.01 
Fig. A2.10 Experimental 10° ттт 


0.02 0.03 0.04 0.05 
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results of time evolution on 
prompt and delayed neutron 
behaviors at position (10, U) 104 
of BF; detector #1 in Case 
1-5 (Refs. [1-2]) 


T—- TT 


10? 


Countin rate [1/s] 


10? 


лавин] 


рмсмрх = 4902 рст (BF; #1) 
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^ W-Be target 
= Pb-Bi target 


10! 1111] 
0 0.01 
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A2.2 Subcriticality Measurements 


A2.2.1 Core Configurations 
See (Figs. A2.11, A2.12, A2.13, A2.14, A2.15 and A2.16). 


26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 


Normal fuel rod (3/8"p36EU) 


Partial fuel rod (3/8"p16EU) 


Pb-Bi loaded fuel rod 


Optical fiber # Б] Polyethylene moderator 


ІШ Polyethylene reflector 


Aluminum sheath 


(9 Control rod 
© Safety rod 


О! Neutron source (Am-Be) 


(е) Fission chamber 


(ғ) Uncompensated ionization chamber 


C< x < м 


о л з 


Optical fiber #2 
#3 


Optical fiber 


c Rr € о v 


>» > шот о т - 


[9] BF; detector (1/2" diameter) 
1 Proton beams 


© Optional fiber detector (LiF*ZnS) 
ENS] Pb-Bi target 


Fig. A2.11 Core configuration of ADS with 100 MeV protons (in case of the subcriticality 
measurements) (Refs. [1, 3]) 
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Unit cell 
1/16"EU (7/16”) 
(1/16”) 


Polyethylene (p) 
(1/8"p X 27 + 10"p X 2) 
(23.375") 


Polyethylene (p) 
(1/8 p X 71 + 10°рх 1) 
(18.875") 


1/8'px3 i 
Al plate (3/8") Void 
(20.00 mm) (12137) 
Reflector 19.662" Fuel 15.750" Reflector 24.588" 
(Lower) (Unit cell 36 times) (Upper) 


Fig. A2.12 Fall sideway view of “F” (3/8"p36EU) fuel assembly in Fig. A2.11 (Ref. [1]) 


Unit cell (1/16"HEU X 2 + 1/8"p or 1/8"Pb-Bi (3.426 mm)) 


Polyethylene (p) 
(1/8'pX73 + 10"px 1) 
(18.875”) 


Polyethylene (p) 
(1/8"p X27 + 10”p х2) 
(23.375") 


Al plate Void (1.213") 


- - . 


Reflector 19.662” Fuel 15" Reflector 24.588" 
(Lower) (Unit cell 60 times) (Upper) 


Fig. A2.13 Fall sideway view of fuel assembly “Р” shown in Fig. A2.11. (f: 1/8"pISEUEU < 
1/8"PbBi30EUEU »1/8"p15EUEU) (Refs. [1, 3]) 


Unit cell 
1/16" EU (7/16") 


Al cell Polyethylene (p) бмр: ШУ Al cell 
| (1/8°p X71 + 10'px 1) "px27*40'px À 
10 times (18.875") (23.375") p Mie. 


— 
Al plate м Al cell 1/8"p x3 Void 
(20mm)  (1/16”А! + 1/8”p x3) (3/8”) ^ 
Á (1.2137 
(7/16”) 
Кейесіог 24.037” Fuel 7” Кейесіог 28.963” 
(Lower) (Unit cell 16 times) (Upper) 


Fig. A2.14 Fall sideway view of fuel assembly “16” (3/8"p16EU) shown in Fig. A2.11 (Refs. П, 
3p 


270 Appendix A2: ?55U-Fueled and Pb-Bi-Zoned ADS Core 


epos 
a 2nd layer : 40 um 
B E Y 
] “i 3.27 mm | 
50.16 тт | -— _—- к 3.426 тт 
=. — _ : : 1stlayer:40um -7--- 
Pb-Bi: 50.00 mm : 
1stlayer: 50.08 mm ` 
Ж |. 
50.16 mm ! 2nd layer: 50.16 mm 
“ >i 


Fig. A2.15 Description of Pb-Bi plate covering over coating materials shown in Fig. A2.11 (Ref. 
ІШ) 
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Fig. A2.16 Core configurations of ADS with 100 MeV protons (Black: Full-in; White: Full-out) 
(in cases of subcriticality measurement by the PNS and the Feynman-a methods) (Refs. [1, 3]) 
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Optical fiber#1 Т 
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Fig. A2.16 (continued) 


>> ә от от -= 


А2.2.2 Results of Experiments 


1 Proton beams 


See (Tables A2.13, A2.14, A2.15, A2.16 and A2.17, Fig. A2.17) 


(f) Case II-6 


Table A2.13 List of core condition in all the cores shown in Fig. A2.16 (Ref. [1]) 


Case # of fuel rods Rod insertion 100 MeV protons 
PNS Noise 

Case II-1 46 C1, C2, A3 Available Available 
Case II-2 46 СІ, C2, АЗ, S5 Available Available 
Case II-3 46 СІ, C2, АЗ, 54, 55, 56 Available Available 
Case II-4 32 АП six rods withdrawn Available Available 
Case II-5 26 АП six rods withdrawn Available Available 
Case II-6 24 АП six rods withdrawn Available Available 


PNS method: Pulsed-neutron source method; Noise method: Feynman-a method 


Appendix A2: 255 U-Fueled and Pb-Bi-Zoned ADS Core 


Table A2.14 Positions of 
control and safety rods at 
critical state in Fig. A2.11 
(Ref. |11) 


Table A2.15 Control rod 
worth (Ref. [1]) 


Table A2.16 Effective 
multiplication factor in Cases 
II-1 through II-6 (Ref. [1]) 


Table A2.17 Beam 
characteristics of 100 MeV 
protons (Ref. [1]) 
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Rod Rod position (mm) 

СІ 1200.00 

C2 525.39 

A3 1200.00 

S4 1200.00 

S5 1200.00 

S6 1200.00 

Excess reactivity [pcm] 149 + 3 


Rod worth [pcm] 


С1 (S4) 
C2 (S6) 194 + 1 
АЗ (S5) 483 +2 


(Вен = 781 + 4 [pcm] by MCNP6.1 with ENDF/B-VII.O) 


Case 


Critical state 


1.00378 + 0.0004 


Кең (MCNP6.1 with ENDF/B-VII.0) 


Case II-1 0.99219 + 0.0004 

Case II-2 0.98723 + 0.0004 

Case II-3 0.97950 + 0.0004 

Case II-4 0.95784 + 0.0004 

Case II-5 0.91355 + 0.0004 

Case II-6 0.90006 + 0.0004 

Case 100 MeV protons 

Repetition (Hz) Width (ns) 

Case II-1 20 50 
Case II-2 20 50 
Case II-3 20 50 
Case II-4 20 50 
Case II-5 20 50 
Case П-6 20 50 


Proton beam intensity was 1 nA; Spot size of proton beams: 40 


mm. 
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Fig. A2.17 Calibration 1.0 
curve of C2 (as well as in СІ 
and A3) control rod (Ref. 
1) 


Обе 


Normalized integral reactivity [A.U.] 


0 200 400 600 800 1000 1200 
Rod position [mm] 


A2.2.3 PNS and Feynman-a Methods 


See (Tables A2.18, A2.19, A2.20 and А2.21). 


Table A2.18 Measured prompt neutron decay constants о [s~!] deduced by least-squared fitting 
in the PNS method (Ref. [1]) 


Neutron decay constants a [s 11 


Case Fiber #1 Fiber #2 Fiber #3 

Case II-1 398.0 + 2.5 326.8 + 2.7 494.5 + 10.2 
Case II-2 506.7 + 3.0 452.6 + 2.8 685.4 + 10.8 
Саве П-3 672.6 + 3.5 631.9 + 1.8 1019.7 + 8.3 
Case II-4 982.5 +44 971.3 = 3.1 1378.0 = 18.4 
Сазе П-5 1665.4 = 8.7 1680.7 + 5.1 1827.7 = 22.8 
Case П-6 1910.9 = 7.4 1930.7 + 3.3 2061.0 + 37.8 


Table A2.19 Measured subcriticality [pcm] deduced by the extrapolated area ratio method (Ref. 
[1]) 


Subcriticality p [pcm] (PNS method) 
Case Вен [pem] | Reference [pem] | Fiber #1 Fiber #2 Fiber #3 
Case П-1 | 785 +4 1160 = 5 1224 = 10 1153 + 2108 + 59 
Case П-2 | 785 +4 1684 + 6 1880 + 15 1604 + 11 4490 + 109 
Case П-3 | 783 + 5 2483 + 6 2824 + 22 2250 = 13 | 10347 + 116 
Case П-4 | 788 + 5 4812 +6 5656 + 62 4177 + 31 | 22939 + 1279 
Case П-5 | 816+ 5 9895 + 6 12819 + 137 |8187 + 54 | 14985 + 1136 
Case П-6 | 806 + 5 11556 + 6 16312 + 160 |9738 + 64 |19109 + 2563 


(Век : MCNP6.1 with JENDL-4.0) 

Note that subcriticalities in Cases II-1, II-2 and II-3 were deduced by the excess reactivity and the 
control rod worth in Tables A2.14 and A2.15. In Cases П-4, П-5 and П-6, the subcriticality was 
deduced with the use of MCNP calculations. 
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Table A2.20 Measured prompt neutron decay constants о [s ^! ] deduced by least-squared fitting 
in the Feynman-a method (Ref. [1]) 


Neutron decay constants a [s 11 


Case Fiber #1 Fiber #2 Fiber #3 

Case II-1 400.6 + 9.2 367.1 + 5.8 554.0 + 16.8 
Case II-2 498.1 + 4.6 463.5 + 4.0 700.0 + 6.7 
Case II-3 654.5 +24 620.0 + 1.8 877.3 = 4.8 
Case П-4 814.6 + 5.8 822.0 + 5.3 1029.0 + 11.7 
Case П-5 1365.1 + 9.1 1400.0 € 7.4 1669.1 + 16.9 
Case II-6 1556.7 + 12.8 1636.1 + 9.9 1917.4 + 21.9 


Table A2.21 Measured subcriticality [pcm] deduced by the Feynman-a (Noise) method (Ref. [1]) 


Subcriticality p [pcm] (by Noise method) 


Case Вен [pcm] Reference [pcm] Fiber #1 Fiber #2 Fiber #3 
Case II-1 785 = 4 1160 + 5 1491 + 57 1283 + 36 2445 + 105 
Case П-2 |785 +4 1684 + 5 2024 + 28 1814 + 24 3250 + 41 
Case П-3 |783 + 5 2483 + 6 2881 + 15 |2677 +11 4203 + 29 
Case П-4 |788 + 5 4812 +6 4336 + 38 |4384 + 35 5740 + 77 
Case П-5 |816 + 5 9895 +6 8087 + 61 8316 + 50 10110 + 113 
Case П-6 |8065 11556 + 6 9633 + 88 10175 + 68 12096 + 150 


(Bett : MCNP6.1 with JENDL-4.0) 


A2.3 Reaction Rates 


A2.3.1 Core Configurations 


See (Figs. A2.18 and A2.19). 
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(c) Case II-5 (9895 pem) (d) Case II-6 (11556 pcm) 


Fig. А2.18 Top view of 9? U-fueled and Pb-Bi-zoned ADS core with 100 MeV protons (Refs. [1, 
3p 
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Fig. А2.19 Foil 
arrangement at a gap 
between Pb-Bi target and 
fuel rod in position (15, M) 
shown in Fig. A2.18 (Refs. 
1,31) 
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A2.3.2 Reaction Rate Distributions 


See (Fig. A2.20). 
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(b) Case II-4 
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Fig. A2.20 (continued) 


Normalized reaction rate [Arbitrary units] 


Normalized reaction rate [Arbitrary units] 
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(d) Case П-6 


A2.3.3 Reaction Rates of Activation Foils 


See (Tables A2.22 and A2.23). 
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Table A2.22 Main characteristics and description of activation foils (Ref. [1]) 


Reaction Dimension Threshold | Tjj? y-ray energy | Emission rate 
(MeV) (keV) (96) 

197 Aun, y)?98Au |8 mm diam. - 2.6974 |411.9 95.5] 

(bare and Cd*) 0.05 mm thick 

Cd plate 10 mm diam. 1 |- = = = 
mm thick 

Inn, у) ӨЗІН |1 mm diam. - 54.12m | 1097.3 55.7 

(wire) 680 mm long 1293.54 85 

Ик, п) 15 | 10 x 10 x 1 0.4 4486h | 336.2 45.08 

(foil) mm 

58Ni(n, p)58Co 10 x 10x 1 0.9 70.82d | 810.8 99.4 
mm 

56Fe(n, р)6 Мп 10х 10x 1 5.0 2.578h | 846.8 98.9 
mm 1810.7 272 

27 Al(n, о) Ча 10 x 10x 1 5.6 14.96h | 1368.6 100 
mm 


Cd*: Au foil (Cd covered) was sandwiched between two Cd plates (10 mm diam. and | mm thick). 


Table A2.23 Measured reaction rates of activation foils in Cases II-3 through II-6 (Ref. [1]) 


Measured reaction rate [s~! ст 3] 
Reaction Case II-3 Case II-4 Case II-5 Case II-6 
197 Au(n, у) 98 Au (8.88 + 0.02) (4.88 + 0.04) |(3.51- 0.08) | (2.53 + 0.04) 
(bare) Е+06 Е+06 Е+06 Е+06 
197Au(n, yJl?98Au (Cd) |(7.84-- 0.09) (4.46 + 0.04) |(3.11+0.04) | (2.30 + 0.03) 
E406 E+6 E+6 E+06 
Таки, n’)!!5™]In (8.60 - 0.13) | (4.27 0.22) | (4.27 +0.03) | (2.86 + 0.06) 
E+04 E+04 E+04 E+04 
58Ni(n, p)58Co (4.90 + 0.08) |(3.18 + 0.03) |(3.23+0.16) | (2.00 + 0.10) 
E+04 E+04 E+04 E+04 
56Fe(n, р)6 Мп (1.82 £0.07) |(1.26 +0.02) | (1.55 + 0.03) | (1.39 0.02) 
E+03 E+03 E+03 E+03 
27 Al(n, о) Ча (1.54 + 0.05) | (1.11 +0.02) |(1.62 + 0.03) | (1.10 0.01) 
E403 E403 E403 E403 
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Appendix АЗ: 2?^U-Fueled and Pb-Zoned ADS 
Core 


A3.1 Core Configurations 


See (Figs. A3.1, A3.2, A3.3, A3.4 and A3.5). 
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Fig. A3.1 Top view of U-Pb zoned core configuration with 14 MeV neutrons (Ref. [1]) 
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Fig. АЗ.2 Top view of U-Pb zoned core configuration with 100 MeV protons (Ref. [1]) 
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Fig. A3.3 Fall sideway view of fuel and polyethylene rods shown in Figs. A3.1, A3.2 (Ref. [1]) 
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Fig. A3.4 Side view of target and core configuration with 14 MeV neutrons (Ref. [1]) 
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Fig. A3.5 Side view of target and core configuration with 100 MeV protons (Ref. [1]) 


A3.1.1 ADS with 1 


See (Fig. A3.6). 


A3.1.2 ADS with 1 


See (Fig. A3.7). 


4 MeV Neutrons 
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A3.2 Kinetics Parameters 


A3.2.1 ADS with 1 


4 MeV Neutrons 


A3.2.1.1 Core Condition at Critical State 


See (Tables A3.1, A3.2 and A3.3). 
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(b) Case D2 (4400 HEU plates) 


Fig. A3.6 Subcritical core configurations of ADS with 14 MeV neutrons (Refs. [1-2]). Note Change 
of location of detectors (comparing Case D1 with Case D2, D3, A4, DS and D6), Optical fiber #1: 
(15-16, L-M) — (18-19, I-J), LiCaF fiber: (18-19, I-J) — (15-16, L-M) 
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Fig. A3.6 (continued) 


(d) Case D4 (4200 HEU plates) 
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ЕС#1 
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— 
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LE 
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(e) Case D5 (4080 HEU plates) 


4 5 6 Т 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 


А | Gr | Gr} Gr] Gr || Gr | Gr | бг | Gr | Gr] Gr || Gr] Gr| Gr || Gr} Gr} Gr Gr] Gr} Gr || Gr] Gr| Gr] Gr 
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R | Gr P|P|P F Р BE Gr 
_ @ 
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(f) Case D6 (3840 HEU plates) 


Fig. A3.6 (continued) 
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4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
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>= 
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Т 
w | Gr Gr 
Есю ВЕ-3 detector #1 ТУЛ 

X | Gr A Gr 

У | Gr Gr 

2 | Gr | Gr | бг | Gr || бг | бг | бг | бг | Gr | Gr || Gr | Gr | Gr || Gr | Gr | Gr | Gr | Gr | Gr || Gr | Gr | Gr | Gr 


(a) Case F1 (Reference core; 4560 HEU plates) 


4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 


А | Gr | Gr | Gr | Gr || Gr | Gr | Gr | Gr | Gr} Gr Gr | Gr | Gr | Gr | Gr | Gr || Gr | Gr | Gr | Gr 
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ү | ег Gr 
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(b) Case F2 (4440 HEU plates) 


Fig. A3.7 Subcritical core configurations of ADS with 100 MeV protons (Pb-Bi target) (Refs. 
[1-2 
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4 5 6 T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
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(c) Case F3 (Number of fuel plates: 4320) 


4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
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(d) Case F4 (4200 HEU plates) 


Fig. A3.7 (continued) 
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4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
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(f) Case F6 (3960 HEU plates) 


Fig. A3.7 (continued) 


292 Appendix АЗ: 255 U-Fueled and Pb-Zoned ADS Core 


4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
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"Oz г Re 
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(g) Case F7 (3840 HEU plates) 


Fig. A3.7 (continued) 


ae AM Control rod Rod Rod position (mm) 
positions at critical state in 
reference core (4560 HEU СІ 766.56 
plates; Case D1) (Ref. [1]) C2 1200.00 
A3 1200.00 
S4 1200.00 
S5 1200.00 
S6 1200.00 
Excess reactivity [pcm] 80--2 
Table A3.2 Control rod 
R К rth 
(reactivity) worth (Ref. [1]) a od worth [pem] 
C1 (54) 902 + 27 
C2 (S6) 696 + 21 
A3 (S5) 232t7 
Table A3.3 Kinetic Ba 853 + 3 [pem] 


parameters by MCNP6.1 with 
JENDL-4.0 А (3.24 + 0.03) x 107? (s) 
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A3.2.1.2 Case D1 (4560 HEU Plates) 


See (Tables A3.4, A3.5, A3.6, A3.7, A3.8, A3.9 and A3.10). 


Table A3.4 Core condition in Case D1-1 to Case D1-5 (4560 HEU plates) (Ref. [1]) 


Case CI C2 A3 S4 S5 S6 keff 


D1-1 0.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.99178 
D1-2 0.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.99178 
D1-3 0.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.99178 
D1-4 0.00 1200.00 0.00 1200.00 1200.00 1200.00 0.98947 
D1-5 0.00 0.00 0.00 1200.00 1200.00 1200.00 0.98225 


Table A3.5 Beam characteristics of 14 MeV neutrons in Cases D1-1 to D1-5 (Ref. [1]) 


Case Frequency [Hz] Width (us) Current (mA) 
DI-1 20 80 0.20 
D1-2 50 80 0.20 
D1-3 100 80 0.20 
D1-4 20 80 0.20 
D1-5 20 80 0.20 


Table A3.6 Measured results of a [s ! and р [$] in Case D1-1 (Ref. [1]) 
a [571] о [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (СЫН) | 422.96 + 12.93 | 426.81 + 28.34 | 0.846 + 0.033 0.857 + 0.120 
BF-3 #2 (Ch#2) |497.90 + 14.80 | 493.62 + 31.92 | 0.868 + 0.015 1.069 + 0.119 
BF-3 #3 (Ch#3) | 486.884 11.37 | 494.124 21.71 | 0.902 + 0.009 1.064 + 0.079 
BF-3 #4 (Ch#4) | 562.18 + 18.08 | 448.21 = 53.07 | 0.915 = 0.004 0.857 + 0.141 
Fiber #1 (Ch#5) |- - - - 
Fiber #2 (Ch#6) |- 402.58 + 57.99 | 0.913 + 0.001 0.744 + 0.134 
Fiber #3 (Ch#7) |- - - - 
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Table A3.7 Measured results of a [s~!] and р [$] in Case D1-2 (Ref. [1]) 


a [s !] e [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 458.03 + 15.40 476.24 + 6.51 0.853 + 0.020 1.018 + 0.030 
BF-3 #2 (Ch#2) | 494.00 + 14.20 484.22 + 6.17 0.887 + 0.010 1.070 + 0.016 
BF-3 #3 (Ch#3) | 481.88 + 8.95 484.81 + 4.34 0.850 + 0.006 0.970 + 0.009 
BF-3 #4 (Ch#4) | 835.59 + 29.96 511.58 = 11.18 | 0.776 = 0.003 0.808 + 0.011 
Fiber #1 (Ch#5) |- - - - 

Fiber #2 (Ch#6) | 501.50 = 146.80 | 384.68 + 53.93 |0.776 + 0.003 0.704 + 0.042 


Fiber #3 (Ch#7) 


Table A3.8 Measured results of a [s~!] and р [$] in Case D1-3 (Ref. [1]) 


a [871] e [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 434.36 + 123.56 521.50 + 26.53 0.739 + 0.014 0.918 + 0.034 
BF-3 #2 (Ch#2) | 643.90 + 99.97 511.42 + 26.28 0.769 + 0.007 0.939 + 0.029 
BF-3 ЯЗ (Ch#3) | 502.81 + 92.37 544.23 + 48.33 0.763 + 0.004 0.918 + 0.049 
BF-3 #4 (Ch#4) | 1639.61 + 131.63 | 677.76 = 359.00 | 0.698 + 0.002 0.861 +0.340 
Fiber #1 (Ch#5) |- - - - 

Fiber #2 (Ch#6) |- 508.13 + 88.37 0.696 + 0.001 0.713 + 0.069 
LiCaF (Ch#7) 538.30 + 16.81 - 0.604 + 0.002 0.632 + 0.012 
Table A3.9 Measured results of a [s^ ! ] and р [$] in Case D1-4 (Ref. [1]) 

a [5—1] e [$] 
Detector Feynman-a a-fitting Area Area 
(Sjostrand) (Gozani) 

ВЕ-3 #1 (Ch#1) 565.29 + 4.61 568.41 + 9.41 1.118 = 0.012 |1.400 + 0.024 
BF-3 #2 (Ch232) 589.68 + 5.40 559.85 = 9.51 1.130 = 0.006 | 1.403 + 0.018 
BF-3 #3 (Ch#3) =| 555.32 + 2.11 570.25 + 9.56 1.158 + 0.013 1.306 + 0.024 
BF-3 #4 (Ch#4) |- 514.20 + 21.79 | 1.212 + 0.005 1.076 + 0.027 
Fiber #1 (Ch#5) |- - - - 

Fiber #2 (Ch#6) | 490.46 + 41.67 521.64 + 35.67 1.049 + 0.001 1.245 + 0.049 
LiCaF (Ch#7) 1023.42+277.51 |- 1.022 = 0.001 | 2.107 + 0.643 
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Table A3.10 Measured results of a [s^ ! ] and p [$] in Case D1-5 (Ref. [1]) 


a [s !] р [$] 
Detector Feynman-a a-fitting Area Area 
(Sjostrand) (Gozani) 


BF-3 #1 (Ch#1) | 498.46 = 7.46 480.22 + 5.36 0.899 + 0.018 | 1.090 + 0.028 
BF-3 #2 (Ch#2) 489.43 + 6.55 483.02 + 5.09 0.887 + 0.008 | 1.068 + 0.014 
BF-3 #3 (Ch#3) 488.59 + 3.46 483.93 + 3.76 0.890 = 0.005 | 1.024 + 0.009 
BF-3 #4 (СЫМ) |- 497.04 + 9.23 0.891 + 0.002 | 0.951 = 0.010 
Fiber #1 (Ch#5) |- = = = 
Fiber #2 (Ch#6) | 541.11 + 127.67 | 709.574 185.61 |0.872+0.001 | 1.181 = 0.241 
LiCaF (Ch#7) - - - - 


A3.2.1.3 Case D2 (4400 HEU Plates) 


See (Table A3.11, A3.12, A3.13, A3.14 and A3.15). 


Table A3.11 Core condition in Cases D2-1 to D2-3 (4400 HEU plates) (Ref. [1]) 

Case СІ C2 A3 S4 S5 S6 Кет 
D2-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 |0.99328 
D2-2 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 |0.99328 
D2-3 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 |0.99328 


Table A3.12 Beam characteristics of 14 MeV neutrons in Cases D2-1 to D2-3 (Ref. [1]) 


Case Frequency (Hz) Width (us) Current (mA) 
D2-1 20 75 0.10 
D2-2 50 80 0.20 
D2-3 100 80 0.15 


Table A3.13 Measured results of a [s~!] and р [$] in Case D2-1 (Ref. |11) 
а [s !] р [$] 
Detector Feynman-a a-fitting Area (Sjostrand) Area (Gozani) 
ВЕ-3 #1 (Ch#1) | 376.67 + 8.46 370.33 + 4.94 | 0.565 + 0.010 0.652 + 0.014 
BF-3 #2 (Ch#2) | 389.96 + 7.21 370.56 = 4.21 | 0.578 = 0.004 0.665 = 0.007 
BF-3 #3 (Ch#3) | 370.68 = 2.88 369.87 + 2.84 | 0.587 + 0.003 0.437 + 0.002 
BF-3 #4 (СЫМ) 501.71 + 11.71 376.97 = 8.13 | 0.612 + 0.001 0.647 = 0.006 
Fiber #1 (Ch#5) |- - 0.585 + 0.001 - 
Fiber #2 (Ch#6) | 703.56 = 71.90 |- 0.570 + 0.001 0.861 + 0.068 
Fiber #3 (Ch#7) |- - - - 
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Table A3.14 Measured results of a [s^ ! ] and p [$] in Case D2-2 (Ref. |11) 


а [5—1] 


e [$] 


Detector 


Feynman-a 


a-fitting 


Are (Sjostrand) 


Area (Gozani) 


BF-3 #1 (СЫН) |370.30-Е 15.26 378.35 + 5.69 0.589 + 0.006 0.691 + 0.009 
BF-3 #2 (Ch#2) 431.86 + 12.01 376.62 + 4.97 0.582 + 0.003 0.676 + 0.005 
BF-3 #3 (Ch#3) 367.38 + 7.31 369.18 + 3.58 0.595 + 0.002 0.666 + 0.003 
BF-3 #4 (СЫМ) |- 365.64 = 12.33 | 0.637 + 0.001 0.689 + 0.009 
Fiber #1 (Ch#5) |- - 0.630 + 0.001 0.455 + 0.001 
Fiber #2 (Ch#6) |- 386.76 = 22.42 | 0.629 + 0.001 0.696 + 0.017 


Fiber #3 (Ch#7) 


Table A3.15 Measured results of a [s~!] and p [$] in Case D2-3 (Ref. [1]) 


a [571] р [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 249.68 + 154.15 | 367.36 + 9.62 0.484 + 0.009 0.550 + 0.014 
BF-3 #2 (Ch#2) | 789.84 + 57.23 359.50 + 8.38 0.479 + 0.004 0.536 + 0.007 
BF-3 #3 (Ch#3) | 384.44 + 37.91 372.34 + 4.49 0.466 + 0.003 0.506 + 0.004 
BF-3 #4 (Ch#4) |- 398.44 = 15.90 | 0.507 + 0.001 0.558 + 0.010 
Fiber #1 (Ch#5) |- - 0.504 + 0.001 0.358 + 0.0001 
Fiber #2 (Ch#6) |- 384.18 + 29.34 | 0.503 + 0.001 0.546 + 0.018 
Fiber #3 (Ch#7) |- - - - 


A3.2.1.4 Case D3 (4320 HEU Plates) 


See (Tables A3.16, A3.17 and A3.18). 


Table A3.16 Core condition in Case D3-1 (4320 HEU plates) (Ref. [1]) 


CI C2 A3 54 55 56 


0.98004 


Table A3.17 Beam characteristics of 14 MeV neutrons in Case D3-1 (Ref. [1]) 


Case 


D3-1 


Frequency (Hz) 
20 


Width (us) 
80 


0.20 


Current (mA) 
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Table A3.18 Measured results of a [s^ ! ] and p [$] in Case D3-1 (Ref. [1]) 
a [571] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
ВЕ-3 #1 (Ch#1) | 669.23 + 5.43 678.46 = 4.75 | 1.911 + 0.024 2.589 + 0.041 
BF-3 #2 (Ch#2) | 693.11 + 4.60 681.85 = 4.28 | 1.880 0.011 2.610 + 0.022 
BF-3 #3 (Ch#3) |684.25 + 1.93 686.16 = 2.50 | 1.972 + 0.007 2.663 + 0.013 
BF-3 #4 (Ch#4) | 1296.59 + 35.04 | 715.4749.24 | 2.244 + 0.002 2.757 + 0.028 
Fiber #1 (Ch#5) |– - - - 
Fiber #2 (Ch#6) | 703.56 + 71.90 - 1.916 + 0.001 2.323 + 0.184 
LiCaF (Ch#7) - - - - 
A3.2.1.5 Case D4 (4200 HEU Plates) 
See (Tables A3.19, A3.20 and A3.21). 
Table A3.19 Core condition in Case A4-1 (4200 HEU plates) (Ref. [1]) 
Case СІ C2 A3 S4 S5 S6 kett 
А4-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.96603 
Table A3.20 Beam characteristics of 14 MeV neutrons in Case A4-1 (Ref. |11) 
Case Frequency (Hz) Width (us) Current [mA] 
Table A3.21 Measured results of a [s^ ! ] and p [$] in Case A4-1 (Ref. [1]) 
a [571] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) 878.01 + 26.55 969.40 + 33.08 2.687 + 0.116 3.618 + 0.242 
BF-3 #2 (Ch#2) | 979.74 + 27.61 970.87 + 26.68 2.785 + 0.055 3.789 + 0.147 
BF-3 #3 (Ch#3) | 997.15 + 13.85 1045.50 + 14.28 | 2.843 + 0.034 3.793 + 0.084 
BF-3 #4 (Ch#4) | 2345.71 = 86.12 | 1265.82 + 92.59 | 2.924 + 0.019 3.929 + 0.402 
Fiber #1 (Ch#5) |- - - - 
Fiber #2 (Ch#6) |- - - - 
LiCaF (Ch#7) - - - - 
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A3.2.1.6 Case D5 (4080 HEU Plates) 


See (Tables A3.22, A3.23, A3.24, A3.25 and A3.26). 


Table A3.22 Core condition in Cases D5-1 to Case D5-3 (4080 HEU plates) (Ref. [1]) 

Case СІ C2 A3 S4 S5 S6 Кет 
D5-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 |0.95560 
D5-2 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 |0.95560 
D5-3 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 |0.95560 


Table A3.23 Beam characteristics of 14 MeV neutrons in Cases D5-1 to D5-3 (Ref. [1]) 


Case Frequency (Hz) Width (us) Current (mA) 
D5-1 20 90 0.20 
D5-2 50 90 0.20 
D5-3 100 90 0.20 


Table A3.24 Measured results of a [s^ ! ] and р [$] in Case D5-1 (Ref. [1]) 
a [571] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) 1143.72 + 17.67 | 1150.34 + 15.00 | 3.641 + 0.084 5.436 + 0.178 
BF-3 #2 (Ch#2) | 1203.76 + 15.21 | 1148.704 13.09 | 3.642 + 0.038 5.329 + 0.103 
BF-3 #3 (Ch#3) | 1188.02 + 6.15 1186.95 + 9.38 3.608 + 0.023 4.849 + 0.064 
BF-3 #4 (СЫМ) | 2957.04 + 86.78 | 1291.39 = 30.21 |2.618 + 0.012 2.543 + 0.087 
Fiber #1 (Ch#5) |- - 1.948 + 0.006 0.457 + 0.003 
Fiber #2 (Ch#6) |- - 1.900 + 0.002 0.449 + 0.001 
Fiber ЯЗ (Ch#7) |- - - - 


Table A3.25 Measured results of a [5—15] and 0 [$] in Case D5-2 (Ref. [1]) 

а [s !] р [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1093.68 + 23.47 | 1167.71 = 14.40 | 3.957 + 0.093 6.047 + 0.192 
BF-3 #2 (Ch#2) 1193.46 + 17.93 |1162.44 + 12.44 | 4.073 + 0.044 6.133 + 0.114 
ВЕ-3 #3 (Ch#3) | 1138.36 + 8.72 1185.21 + 9.52 3.596 + 0.024 4.733 + 0.063 


BF-3 #4 (СЫМ) |- 1337.28 + 29.46 | 2.558 + 0.011 2.303 + 0.077 
Fiber #1 (Ch#5) |- - 2.260 + 0.005 - 
Fiber #2 (Ch#6) |823.99 + 179.48 |- 2.187 + 0.003 0.451 + 0.001 


Fiber #3 (САЯ?) |- Е Е E 
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Table A3.26 Measured results of a [s^ ! ] and p [$] in Case D5-3 (Ref. |11) 
a [571] р [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) 959.79 + 48.45 1160.10 + 17.13 | 2.710 = 0.123 3.766 + 0.224 
BF-3 #2 (Ch#2) |1215.05 + 44.44 | 1166.86 + 14.88 | 2.585 + 0.053 3.460 + 0.108 
ВЕ-3 ЯЗ (Ch#3) 1105.17 = 16.49 | 1174.34 + 10.96 | 1.493 + 0.020 1.086 + 0.040 
BF-3 #4 (Ch#4) |3583.95--186.81 | 1352.44 + 42.55 | 0.333 + 0.007 - 

Fiber #1 (Ch#5) |- - 0.324 + 0.001 - 

Fiber #2 (Ch#6) |- 1157.06 + 80.98 |0.328 + 0.001 - 

Fiber #3 (Ch#7) |- - - - 

A3.2.1.7 Case D6 (3840 HEU Plates) 

See (Table A3.27, A3.28, A3.29, A3.30 and A3.31). 

Table A3.27 Core condition in Cases D6-1 to Case D6-3 (3840 HEU plates) (Ref. [1]) 

Case СІ C2 A3 S4 S5 S6 Кен 

D6-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.93000 
D6-2 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.93000 
D6-3 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.93000 


Table A3.28 Beam characteristics of 14 MeV neutrons in Cases D6-1 to D6-3 (Ref. [1]) 


Case Frequency (Hz) Width (us) Current (mA) 
D6-1 20 90 0.20 
D6-2 50 90 0.20 
D6-3 100 80 0.15 


Table A3.29 Measured results of a [s-! | and р [$] in Case D6-1 (Ref. [1]) 


a [571] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1493.13 = 25.33 | 1604.09 + 19.04 | 4.797 + 0.122 8.069 + 0.315 
BF-3 #2 (Ch#2) | 1635.64+ 42.06 | 1734.05 + 63.78 | 2.622 + 0.033 5.053 + 0.336 
BF-3 ЯЗ (Ch#3) | 1641.15 + 8.91 1686.35 + 13.28 | 3.182 + 0.024 3.992 + 0.082 
BF-3 #4 (Ch#4) | 4166.57+ 77.36 | 2118.774 64.65 | 2.431 + 0.012 - 
Fiber #1 (Ch#5) |– - 1.449 + 0.006 - 
Fiber #2 (Ch#6) |- - 1.410 + 0.001 - 


Fiber #3 (Ch#7) 
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Table A3.30 Measured results of a [s^ ! ] and p [$] in Case D6-2 (Ref. |11) 

а [s !] e [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1671.52 + 79.63 | 1672.67 + 58.63 5.067 + 0.289 9.059 + 0.871 
BF-3 #2 (Ch#2) | 1790.58+101.01 | 1694.67 + 43.44 | 4.847 + 0.125 8.255 + 0.483 
BF-3 #3 (Ch#3) | 1621.79+ 48.81 | 1695.97 + 29.62 | 4.070 + 0.062 4.920 + 0.203 
BF-3 #4 (Ch#4) | 4288.55+202.00 | 2125.10 + 147.31 | 2.562 + 0.027 0.015 + 0.096 
Fiber #1 (Ch#5) |- - 2.105 + 0.012 - 
Fiber 42 (Ch#6) |- - 2.042 + 0.005 - 
Fiber ЯЗ (Ch#7) |- - - - 


Table A3.31 Measured results of a [s^ ! ] and p [$] in Case D6-3 (Ref. |11) 

a [571] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1409.00 + 46.46 | 1640.90 + 18.09 | 4.329 + 0.132 5.762 + 0.251 
BF-3 #2 (Ch#2) | 1526.974131.68 | 1666.31 + 28.51 | 4.163 + 0.058 5.448 + 0.186 
BF-3 #3 (Ch#3) | 1640.72 + 12.49 |1711.10 = 12.79 | 1.869 + 0.019 0.047 + 0.054 
BF-3 #4 (Ch#4) | 4356.49+139.02 | 2083.91 + 46.16 | 0.596 + 0.005 - 
Fiber #1 (Ch#5) |- - 0.557 + 0.002 - 
Fiber #2 (Ch#6) |- - 0.553 + 0.001 - 
Fiber #3 (Ch#7) |- - - - 


A3.2.2 ADS with 100 MeV Protons 


A3.2.2.1 Core Condition at Critical State 


See (Tables A3.32, A3.33, A3.34 and A3.35). 


Table A3.32 Control rod Rod Rod position [mm] 
positions at the critical state 
in reference core (4560 HEU СІ 786.14 
plates; Case F1) (Ref. [1]) C2 1200.00 
A3 1200.00 
S4 1200.00 
S5 1200.00 
S6 1200.00 
Excess reactivity [pcm] 37 +1 
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Table A3.33 Control rod worth (Ref. [1]) 
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Rod Rod worth [pem] 
СІ (S4) 902 + 27 

C2 (S6) 696 + 21 

A3 (S5) 2327 


Table A3.34 Kinetic parameters by MCNP6.1 with JENDL-4.0 (Ref. [1]) 


B eff 
А 


853 + 3 [pem] 


(3.24 + 0.03) х 10-5 (s) 


Table A3.35 Proton beam characteristics obtained from FFAG accelerator (Ref. [1]) 


Energy [MeV] 
100 


20 


Frequency (Hz) 


100 


Repetition (ns) 


Current (nA) 
0.05 


A3.2.2.2 Case F1 (4560 HEU Plates) 


See (Tables A3.36, A3.37, A3.38, A3.39, A3.40, A3.41 and A3.42). 


Table A3.36 Core condition in Cases F1-1 to F1-6 (4560 HEU plates) (Ref. [1]) 


Case CI C2 A3 54 55 56 Кет 

Е1-1 0.00 0.00 0.00 1200.00 1200.00 1200.00 0.98208 
Е1-2 0.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.99135 
F1-3 0.00 0.00 1200.00 1200.00 1200.00 1200.00 0.98439 
F1-4 0.00 0.00 1200.00 1200.00 1200.00 1200.00 0.98208 
Е1-5 0.00 0.00 1200.00 1200.00 1200.00 0.00 0.97744 
F1-6 0.00 0.00 1200.00 0.00 1200.00 0.00 0.96842 


Table A3.37 Measured results of a [s^ ! ] and p [$] in Case F1-1 (Ref. [1]) 


a [s ! ] о [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #5 (Ch#1) | 805.90 + 7.13 775.65 + 6.01 1.834 + 0.004 1.529 + 0.005 
BF-3 #2 (Ch#2) | 793.06 + 7.12 791.55 + 6.71 1.949 + 0.018 1.921 + 0.020 
BF-3 #3 (Ch#3) | 807.48 + 3.88 803.10 + 3.07 2.048 + 0.012 1.952 + 0.013 
BF-3 #4 (СЫМ) |1145.43 = 17.85 868.30 + 11.13 | 1.801 + 0.005 1.501 + 0.008 
BF-3 #1 (Ch#5) =| 771.43 + 6.92 786.80 + 6.76 1.964 + 0.037 1.941 + 0.040 
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Table A3.38 Measured results of a [57 ! ] and р [$] in Case F1-2 (Ref. [1]) 


a [s !] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) Area (Gozani) 
BF-3 #5 (Ch#1) 494.19 + 2.79 479.32 + 3.11 0.895 + 0.001 0.798 + 0.002 
BF-3 #2 (Ch#2) 483.23 + 3.19 481.73 = 3.31 0.968 + 0.006 0.953 + 0.006 
BF-3 #3 (Ch313) 488.39 + 1.90 484.30 + 1.59 0.970 + 0.004 0.931 + 0.004 
BF-3 #4 (Ch#4) 639.45 + 8.43 516.73 + 4.89 0.884 + 0.001 0.783 + 0.002 
BF-3 #1 (Ch#5) 496.11 + 2.97 478.76 + 3.39 0.973 + 0.011 0.963 + 0.012 


Table A3.39 Measured results of a [s~!] and p [$] in Case F1-3 (Ref. [1]) 


a [871] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #5 (Ch#1) | 541.28 + 13.64 |539.51 + 10.25 | 1.310 = 0.007 1.185 + 0.008 
BF-3 #2 (Ch#2) |544.49 + 15.24 | 548.34 + 10.76 | 1.194 + 0.025 1.174 + 0.028 
BF-3 ЯЗ (Ch#3) | 555.53 + 9.39 555.50 + 4.92 1.210 + 0.016 1.161 + 0.017 
BF-3 #4 (Ch#4) | 704.34 + 16.18 | 634.24 + 15.92 | 1.320 + 0.005 1.216 + 0.009 
BF-3 #1 (Ch#5) | 542.98 + 13.16 | 537.86 + 10.37 | 1.209 + 0.050 1.182 + 0.055 
Table A3.40 Measured results of a [s~!] and p [$] in Case F1-4 (Ref. [1]) 
a [571] p [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (СЫ) |- - - - 
BF-3 #2 (Ch#2) | 565.46 + 6.56 548.85 + 5.90 1.212 + 0.024 1.199 + 0.026 
BF-3 ЯЗ (Ch#3) | 557.91 + 4.08 557.84 + 2.66 1.208 + 0.009 1.160 + 0.010 
BF-3 #4 (Ch#4) | 739.66 + 10.29 | 645.39 + 10.33 | 1.336 + 0.003 1.214 + 0.005 
Fiber #1 (Ch#5) |- - - - 
Fiber #2 (Ch#6) |- - - - 
Fiber #3 (Ch#7) | 541.36 + 19.29 |579.08+ 12.96 | 1.314+ 0.002 1.162 + 0.006 
Table A3.41 Measured results of a [5—1] and р [$] in Case F1-5 (Ref. [1]) 
а [s !] e [$] 
Detector Feynman-a a-fitting Area Area 
(Sjostrand) (Gozani) 
BF-3 #1 (Ch#1) - - - - 
BF-3 #2 (Ch#2) 611.43 + 5.24 612.90 + 4.72 1.464 + 0.025 1.421 + 0.026 
BF-3 #3 (Ch#3) 623.65 + 2.41 621.46 + 2.29 1.456 + 0.008 1.397 + 0.009 
BF-3 #4 (Ch#4) 811.32 + 11.35 704.50 + 9.52 1.623 + 0.003 1.458 +0.006 
Fiber #1 (Ch#5) - - - - 
Fiber #2 (Ch#6) - - - - 
Fiber #3 (Ch#7) 658.73 + 11.57 651.85 + 8.92 1.613 + 0.002 1.396 + 0.005 
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Table A3.42 Measured results of a [s^ ! ] and р [$] in Case F1-6 (Ref. [1]) 
а [871] e [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (СЫН) |- - - - 

BF-3 #2 (Ch#2) | 867.68 + 17.35 894.89 + 14.37 2.181 + 0.087 2.111 + 0.094 
BF-3 ЯЗ (Ch#3) 903.75 + 10.95 911.20 + 6.54 2.414 + 0.038 2.266 + 0.039 
BF-3 #4 (Ch#4) | 1351.25 + 29.42 | 1041.78 + 29.28 | 2.909 + 0.016 2.441 + 0.029 
Fiber #1 (Ch#5) |- - - - 

Fiber #2 (Ch#6) |- - - - 

Fiber 43 (Ch#7) | 1000.60 + 49.77 |908.43 + 27.12 2.758 + 0.012 2.196 + 0.023 


A3.2.2.3 Case F2 (4440 HEU Plates) 


See (Tables A3.43 and A3.44). 


Table A3.43 Core condition in Case F2-1 (4440 HEU plates) (Ref. [1]) 


СІ C2 A3 54 55 56 


Table A3.44 Measured results of a [s^ ! ] and р [$] in Case F2-1 (Ref. [1]) 


0.99328 


а [s !] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
ВЕ-3 #1 (Ch#1) | 378.35 + 4.00 378.90 = 2.26 |0.638-Е 0.003 0.639 + 0.004 
BF-3 #2 (Ch#2) | 368.72 + 4.36 375.31 = 2.10 | 0.637 + 0.002 0.630 = 0.002 
BF-3 #3 (Ch#3) |371.42 + 3.98 377.47 = 1.05 | 0.647 + 0.002 0.626 + 0.001 
BF-3 #4 (Ch#4) | 517.43 + 10.05 377.55 = 3.46 | 1.399 + 0.006 0.631 + 0.001 
LiCaF (Ch#5) 371.82 + 3.89 382.46 = 1.72 | 0.644 + 0.002 0.635 + 0.001 
Fiber #1 (Ch#6) | 194.66 + 220.45 |- - 0.594 + 0.046 
Fiber #2 (Ch#7) |472.97 + 74.56 - - 0.655 + 0.017 
A3.2.2.4 Case F3 (4320 HEU Plates) 
See (Tables A3.45 and A3.46). 
Table A3.45 Core condition in Case F3-1 (4320 HEU plates) (Ref. [1]) 
Case Cl C2 A3 S4 S5 S6 keff 
F3-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.98004 
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Table A3.46 Measured results of a [s^ ! ] and p [$] in Case F3-1 (Ref. [1]) 


a [571] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) 670.37 + 4.72 697.62 + 5.30 2.043 + 0.012 2.092 + 0.018 
BF-3 #2 (Ch#2) 690.57 + 9.73 691.99 + 5.10 2.029 + 0.010 2.063 + 0.010 
BF-3 #3 (Ch#3) 684.02 + 4.10 699.73 + 2.81 2.128 + 0.007 2.047 -E 0.006 
BF-3 #4 (СІЯМ) | 1255.70 + 32.52 7706.39 + 8.95 8.132 + 0.072 2.092 + 0.007 
LiCaF (Сһ45) 666.09 + 4.93 698.59 + 4.42 2.111 = 0.010 2.096 + 0.004 
Fiber #3 (Ch#6) 725.66 + 7.50 677.05 + 12.28 | 3.502 + 0.036 2.064 + 0.009 
Fiber #2 (Ch#7) 700.66 + 115.19 |- - 2.075 + 0.084 


A3.2.2.5 Case F4 (4200 HEU Plates) 


See (Tables A3.47, A3.48 and A3.49). 


Table A3.47 Core condition in Cases F4-1 and F4-2 (4200 HEU plates) (Ref. [1]) 


Case |СІ C2 A3 54 55 56 keff 
F4-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 | 0.96603 
F4-2 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 | 0.96603 


Table A3.48 Measured results of a [s~!] and р [$] in Case F4-1 (Ref. [1]) 


а [s !] р [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (СІН) 981.43 + 7.00 1047.39 + 10.08 | 3.693 + 0.024 3.756 + 0.038 
BF-3 #2 (Ch#2) 983.15 + 8.05 1036.24 + 10.26 | 3.661 + 0.021 3.670 + 0.022 
BF-3 ЯЗ (Ch#3) | 1001.46 + 4.15 1035.20 + 5.49 3.921 + 0.014 3.615 + 0.013 
BF-3 #4 (Ch#4) | 2410.26+ 60.24 | 1046.45 + 19.88 |27.699 + 0.317 | 3.781 + 0.026 
LiCaF (Ch#5) 963.39 + 5.85 1038.53 + 8.12 3.789 + 0.020 3.780 + 0.012 
Fiber #3 (Ch#6) | 1059.11 = 10.46 | 1019.33 + 27.46 | 7.523 + 0.086 3.699 + 0.036 
Fiber #2 (Ch#7) | 1436.49+187.86 |- - 4.255 + 0.280 
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Table A3.49 Measured results of a [s^ ! ] and p [$] in Case F4-2 (Ref. [1]) 
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а [871] р [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
LiCaF (Ch#1) 950.13 + 3.00 987.08 + 3.65 3.816 + 0.029 4.283 + 0.037 
BF-3 #2 (Ch#2) | 984.69 + 3.01 1014.65 + 3.29 3.823 + 0.014 4.323 + 0.020 
FC #2 (Ch#3) 944.57 + 4.79 974.36 + 6.49 3.973 + 0.009 4.319 + 0.023 
FC #3 (СЫМ) 989.59 + 3.61 997.24 + 6.52 4.084 + 0.005 4.440 + 0.023 
Fiber #1 (Ch#5) |- - - - 
Fiber #2 (Ch#6) | 1125.74 +52.42 | 1123.54 + 45.39 |3.772 + 0.005 4.49] + 0.153 
Fiber #3 (Ch#7) |1412.79 68.42 |- - - 
A3.2.2.6 Case F5 (4080 HEU Plates) 
See (Tables A3.50 and A3.51). 
Table A3.50 Core condition in Case F5-1 (# of fuel plates: 4080) (Ref. [1]) 
Case CI C2 A3 S4 S5 S6 keff 
F5-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.95560 
Table A3.51 Measured results of a [s7!] and р [$] in Case F5-1 (Ref. [1]) 
a [s !] p [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1100.61 + 3.91 1142.68 + 11.03 | 4.858 + 0.137 5.441 + 0.174 
BF-3 #2 (Ch#2) | 1110.85 + 4.07 1143.44 + 10.66 | 4.834 + 0.067 5.332 + 0.092 
BF-3 ЯЗ (Ch#3) | 1114.54+ 2.81 1167.77 + 7.55 5.008 + 0.049 5.388 + 0.066 
BF-3 #4 (Ch#4) | 2632.74 +26.57 2179.82 535.32 |- - 
LiCaF (Ch#5) 1667.01 +3.83 1131.01 + 10.00 | 6.468 + 0.034 6.676 + 0.062 
Fiber #2 (Ch#6) | 1913.19 +152.93 | 1494.85 +130.19 | 6.346 + 0.010 8.592 + 0.839 
Fiber #3 (Ch#7) | 1299.97 +87.56 1425.24 £158.51 | 6.264 + 0.008 8.043 + 0.956 
A3.2.2.7 Case F6 (3960 HEU Plates) 
See (Tables A3.52 and A3.53). 
Table A3.52 Core condition in Case F6-1 (3960 HEU plates) (Ref. [1]) 
Case СІ C2 A3 S4 S5 S6 keff 
F6-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 0.95047 
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Table A3.53 Measured results of a [s^ ! ] and р [$] in Case F6-1 (Ref. [1]) 


a [5—1] e [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1147.81 + 3.98 1214.68 + 5.09 5.306 + 0.061 6.025 + 0.079 
BF-3 #2 (Ch#2) | 1170.63 + 4.25 1227.65 + 4.73 5.354 + 0.030 6.023 + 0.043 
BF-3 #3 (Ch#3) | 1178.31 + 3.63 1236.21 + 3.33 5.556 + 0.022 5.973 + 0.030 
BF-3 #4 (Ch#4) | 2810.88 424.95 1616.85 +23.53 | 7.888 + 0.010 8.108 + 0.144 
LiCaF (Ch#5) 1127.06 + 4.03 - - - 
Fiber 42 (Ch#6) | 1198.27 + 70.04 | 1301.00 + 39.65 | 7.846 + 0.004 6.366 + 0.189 
Fiber #3 (Ch#7) | 1304.92 + 40.08 |- - - 


A3.2.2.8 Case F7 (3840 HEU Plates) 


See (Tables A3.54, A3.55 and A3.56). 


Table A3.54 Core condition in Cases F7-1 and F7-2 (3840 HEU plates) (Ref. [1]) 


Case |СІ C2 A3 54 55 56 keff 
F7-1 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 | 0.92509 
F7-2 1200.00 1200.00 1200.00 1200.00 1200.00 1200.00 | 0.92509 


Table A3.55 Measured results of a [s~!] and р [$] in Case F7-1 (Ref. [1]) 


a [s !] р [$] 

Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (Ch#1) | 1486.99 + 6.33 1642.83 + 9.39 8.718 + 0.167 9.542 + 0.209 
BF-3 #2 (Ch#2) | 1526.32 + 5.96 1663.99 + 9.55 8.364 + 0.076 9.003 + 0.111 
BF-3 #3 (Ch#3) | 1565.34 + 4.34 1675.08 + 7.43 8.932 + 0.058 8.849 + 0.080 
BF-3 #4 (Ch#4) | 3620.56 + 1716 | 2546.56 +43.44 | 15.485+0.029 | 17.614 = 0.575 
LiCaF (Ch#5) 1445.92 + 5.88 1606.93 + 8.73 | 14.215 + 0.049 8.930 + 0.068 
Fiber #2 (Ch#6) | 1972.45 +169.96 |- - = 

Fiber #3 (Ch#7) | 1723.10 +113.58 |- - - 
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Table A3.56 Measured results of a [s^ ! ] and р [$] in Case F7-2 (Ref. [1]) 
a [s !] р [$] 
Detector Feynman-a a-fitting Area (Sjostrand) | Area (Gozani) 
BF-3 #1 (СЫН) | 1502.75 + 6.73 1615.9 = 10.3 | 8.406 + 0.182 8.958 + 0.223 
BF-3 #2 (Ch#2) | 1522.17 + 6.67 1659.6 + 11.7 | 8.346 + 0.088 8.974 + 0.130 
BF-3 #3 (Ch#3) | 1480.47 + 8.41 1589.6 = 16.7 | 9.338 + 0.057 9.285 + 0.132 
BF-3 #4 (Ch#4) | 1561.98 + 8.74 1529.3 = 17.4 | 10.097 + 0.035 9.256 + 0.126 
LiCaF (Ch#5) 1459.16 + 6.75 1631.9 + 9.7 9.699 + 0.058 9.781 + 0.095 
Fiber #2 (Ch#6) | 1582.17 +148.61 |- - - 
Fiber #3 (Ch#7) | 1286.24 £105.37 |- - - 


A3.3 Reaction Rates 


A3.3.1 Core Configurations 


See (Fig. A3.8). 
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Fig. A3.8 Core configuration of reaction rate distributions in ADS with 100 MeV protons (Refs. 
п, 3] 


Appendix АЗ: 255 U-Fueled and Pb-Zoned ADS Core 


A3.3.2 Reaction Rate Distribution 


See (Tables A3.57, A3.58 and A3.59, Fig. A3.9). 
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Table A3.57 Specification of measurement of reaction rate distribution in Fig. A3.8 (Ref. [1]) 


Reaction 


H5]n(g, n’)! 15 п 


И5рки, y)! 16р 


Location 


Target (15, D; Fig. A3.8) 
Core (13-14, A-P; Fig. A3.8) 


Foil/Wire 


10 x 10 x 1 mm (Foil) 


1 mm diameter, 800 mm long (Wire) 


Table A3.58 Core condition in all the cores shown in Fig. A3.8 (Ref. [1]) 


Case # of HEU plates Positions of rods Кен 

ЕЗ 4320 СІ, C2, A3: 1200.00 [mm] 0.98004 
S4, S5, S6: 1200.00 [mm] 

F4 4200 C1, C2, A3: 1200.00 [mm] 0.96603 
S4, S5, S6: 1200.00 [mm] 

F5 4080 C1, C2, A3: 1200.00 [mm] 0.95560 
S4, S5, S6: 1200.00 [mm] 

F6 3960 C1, C2, A3: 1200.00 [mm] 0.95047 
S4, S5, S6: 1200.00 [mm] 


Table A3.59 Measured reaction rates of In foil at (15, D) in Cases F3 through F6 (Ref. [1]) 


Measured reaction rate [s7! cm73] 
Reaction Case F3 Case F4 Case F5 Case F-6 
H5]pn(g, п/) 15 | (1.970 + 0.045)E+04 | (1.320 + 0.035)Е+04 | (2.385 + 0.020)E+04 | (3.482 + 0.009)E+04 
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Fig. A3.9 Measured 
(normalized) reaction rates 
(1 Зубы 15 (и, 
п!) 15) (Refs. [1, 3]) 
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Appendix А4: ?»U-Fueled ADS Core 
in Medium-Fast Spectrum 


A4.1 Core Configurations 


A4.1.1 ADS with 14 MeV Neutrons 


See (Figs. A4.1, A4.2 and A4.3). 
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Fig. A4.1 Core configuration (EEI core) of ADS with 14 MeV neutrons. (Case 1-D: Critical core; 
3016 HEU fuel plates) (Refs. [1-2]) 
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Fig. А4.2 Fall sideway view of fuel rods shown in Fig. A4.1 (Ref. [1]) 
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Fig. A4.3 Core configuration (EEI core) of ADS with 14 MeV neutrons (Subcritical cores) (Ref. 
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Fig. A4.3 (continued) 
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(e) Case 6-D (2040 HEU plates) 


Fig. A4.3 (continued) 


A4.1.2 ADS with 100 MeV Protons 


See (Figs. A4.4, A4.5 and A4.6). 
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Fig. A4.4 Core configuration (EE1 core) of ADS with 100 MeV protons. (Case 1-F: Critical core; 
3008 HEU plates) (Refs. [1-2]) 
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Fig. A4.5 Fall sideway view of fuel rod “4” shown in Fig. A4.4 (Ref. [1]) 
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Fig. A4.6 Core 

configuration (ЕЕ1 core) of 
ADS with 100 MeV protons 
(Subcritical cores) (Ref. [1]) 
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Fig. A4.6 (continued) 
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Fig. A4.6 (continued) 


A4. Results of Experiments 
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A4.2.1 Criticality and Control Rod Worth 


See (Tables А4.1, A4.2, A4.3 and А4.4) 


Table A4.1 Control rod positions at the critical state (Case 1-D) (Ref. [1]) 


Rod Rod position [mm] 
сі 1200.00 

C2 1200.00 

A3 630.01 

$4 1200.00 

$5 1200.00 

56 1200.00 

Excess reactivity [pcm] 271.7 + 1.0 


Table A4.2 Control rod worth (Case 1-D) (Ref. [1]) 


Rod Rod worth [pcm] 
СІ (S4) 867.4 + 3.9 
C2 (S6) 142.8 + 3.5 
A3 (S5) 506.4 + 4.3 


Appendix A4: 255 U-Fueled ADS Core in Medium-Fast Spectrum 323 
Table A4.3 Control rod positions at the critical state (Case 1-F) (Ref. [1]) 
Rod Rod position [mm] 
СІ 1200.00 
C2 723.31 
A3 1200.00 
S4 1200.00 
S5 1200.00 
S6 1200.00 
Excess reactivity [pcm] 102.5 + 1.8 
Table A4.4 Control rod worth (Case 1-F) (Ref. [1]) 
Rod Rod worth [pcm] 
C1 (S4) 866.7 + 2.7 
C2 (S6) 439.4 + 3.9 
A3 (S5) 148.6 + 7.6 
А4.2.2 PNS and Feynman-o Methods 
See (Tables A4.5, А4.6, А4.7, A4.8, А4.9, А4.10 and A4.11). 
Table A4.5 List of core condition in all the cores shown іп Fig. A4.1 (Ref. [1]) 
Case # of fuel plates | Rod insertion | 14 MeV neutrons 
(down) Repetition (Hz) | Width (us) | Current (mA) 
Case 1-D-1 C1, C2, A3 100 97 0.12 
Case 1-D-1T СІ, C2, АЗ 100 97 0.12 
Case 1-D-2 СІ, C2, АЗ Am-Be 
Case 1-D-3 СІ, C2, АЗ 20 97 0.12 
Case 1-D-4 СІ, C2, АЗ 20 97 0.12 
Table А4.6 List of core condition in all the cores shown іп Fig. A4.3a (Ref. [1]) 
Case # of fuel plates | Rod 14 MeV neutrons 
Repetition (Hz) | Width (us) | Current (mA) 
Case 2-D-1 |3000 Cl-S6up |20 97 0.12 
Case 2-D-2 |3000 СІ down 20 97 0.12 
Case 2-0-3 |3000 СІ down 50 97 0.12 
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Table A4.7 List of core condition in all the cores shown in Fig. A4.3b (Ref. [1]) 


Case # of fuel plates | Rod 14 MeV neutrons 
Repetition (Hz) | Width (us) | Current (mA) 
Case 3-D-1 |2760 Cl-S6up |20 97 0.12 


Table A4.8 List of core condition in all the cores shown in Fig. A4.3c (Ref. [1]) 


Case # of fuel plates | Коа (up) |14 MeV neutrons 
Repetition (Hz) | Width (us) | Current (mA) 

Case 4-D-1 2520 С1-56 20 85 0.08 
Case 4-D-1T |2520 С1-56 50 85 0.08 
Case 4-D-2 2520 С1-56 50 85 0.08 
Case 4-D-3 2520 С1-56 20 75 0.15 
Case 4-D-4T |2520 С1-56 50 85 0.15 
Case 4-D-5 2520 С1-56 50 85 0.15 


Table A4.9 List of core condition in all the cores shown in Fig. A4.3d (Ref. [1]) 


Case # of fuel plates | Rod (ир) | 14 MeV neutrons 
Repetition (Hz) | Width (ws) | Current (mA) 
Case 5-D-1 2280 С1-56 20 97 0.08 
Case 5-D-2 2280 С1-56 100 97 0.08 
Case 5-D-3T |2280 С1-56 20 97 0.08 
Case 5-D-3 2280 С1-56 20 97 0.08 
Case 5-D-4 2280 С1-56 50 97 0.08 


Table А4.10 List of core condition in all the cores shown in Fig. A4.3e (Ref. [1]) 


Case # of fuel plates | Rod (up) | 14 MeV neutrons 
Repetition (Hz) | Width (ws) | Current (mA) 
Case 6-D-1T |2040 С1-56 20 93 0.10 
Case 6-D-2 2040 С1-56 100 97 0.10 
Case 6-D-3 2040 С1-56 50 97 0.08 
Case 6-D-4T |2040 С1-56 50 97 0.08 


Case 6-D-5 2040 C1~S6 500 20 0.20 
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Table A4.11 List of core condition in all the cores shown in Fig. A4.4 (Ref. [1]) 
Case # of fuel plates | Rod insertion | 100 MeV protons 
(down) Repetition (Hz) | Width (ns) | Current (nA) 
Cae 1-Е-1 |308 —— |CLCLA3 [so ho 04 
Case 1-Е-2 | 3008 СІ, C2, АЗ 30 100 0.4 
Саве 1-Е-3 | 3008 СІ, C2, A3, 30 100 0.4 
S4 
Case 1-Е-4 | 3008 С1-56 30 100 0.4 
Case I-F-5 | 3008 С1-56, СС 30 100 0.4 


СС: Center core 
Transient steps: АП C1-S6 up (stable) — СІ-АЗ drop — S4 drop — 55 and S6 drop — Center 
core (CC) drop 


No data on Case 2-F 


See (Tables A4.12, A4.13 and A4.14). 


Table A4.12 List of core condition in all the cores shown in Fig. A4.6c (Ref. [1]) 

Case # of fuel plates | Rod insertion | 100 MeV protons 

(down) Repetition (Hz) | Width (ns) | Current (nA) 

Case 3-F-1 | 2760 C1~S6 up 30 100 0.3 

Case 3-F-2 |2760 СІ 30 100 0.3 

Саве 3-Е-3 | 2760 СІ, С2 30 100 0.3 

Саве 3-Е-4 | 2760 СІ, С2, АЗ 30 100 0.3 

Саве 3-Е-5 | 2760 С1-56, СС 30 100 0.3 


CC: Center core 
Transient steps: АП C1~S6 up (stable) — СІ drop — C2 drop — АЗ drop — CC drop 


Table A4.13 List of core condition in all the cores shown in Fig. A4.6d (Ref. [1]) 
Case # of fuel plates | Rod insertion | 100 MeV protons 
(down) Repetition (Hz) | Width (ns) | Current (nA) 

Case 4-F-1 | 2520 C1~S6 up 30 100 0.3 
Case 4-F-2 | 2520 CI 30 100 0.3 
Case 4-F-3 | 2520 C1, C2 30 100 0.3 
Case 4-Е-4 | 2520 СІ, C2, АЗ 30 100 0.3 
Саве 4-Е-5 | 2520 С1-56, СС 30 100 0.3 


СС: Center core 
Transient steps: All C1-S6 up (stable) — СІ drop — C2 drop — АЗ drop — CC drop — CC drop 
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Table A4.14 List of core condition in all the cores shown in Fig. A4.6e (Ref. [1]) 


Case # of fuel plates | Rod insertion | 100 MeV protons 
(down) Repetition (Hz) | Width (ns) | Current (nA) 
Case 5-F-1 | 2280 C1~S6 up 30 100 0.3 
Case 5-F-2 | 2280 Cl 30 100 0.3 
Case 5-F-3 | 2280 СІ, C2 30 100 0.3 
Case 5-Е-4 | 2280 СІ, C2, АЗ 30 100 0.3 
Case 5-Е-5 |2280 С1-56, СС 30 100 0.3 


CC: Center core 
Transient steps: All C1-S6 up (stable) — СІ drop — C2 drop — АЗ drop — CC drop 


A4.3 Kinetic Parameters 


A4.3.1 ADS with 14 MeV Neutrons 


See (Tables A4.15, А4.16, А4.17, A4.18, А4.19, A4.20, A4.21, A4.22, А4.23, А4.24, 
А4.25, A4.26, А4.27, A4.28, A4.29, А4.30, A4.31, А4.32, A4.33 and А4.34). 


Table A4.15 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 1-D-1 (DT acc.) (pcm, exp = 1245.0 + 41.7 [pem]) 


Detector | PNS method Feynman-a method | Area ps[$] Extended area ps[$] 
BF-3 #1 |717.63 + 12.28 | 650.92 + 55.23 1.50189 + 0.02694 | 1.79660 + 0.04535 
BF-3 #2 | 710.94+ 13.02 | 729.76 + 60.58 1.56681 + 0.02954 | 1.76655 + 0.04770 
BF-3 #3 |709.12 + 4.96 | 725.23 + 50.43 1.54026 + 0.01131 | 1.62362 + 0.01756 
BF-3 #4 | 739.00 + 23.75 | 1226.41 + 53.52 2.36997 + 0.03507 | 1.50892 + 0.05004 
Fiber #1 | 713.88 + 23.23 |- 1.42923 + 0.04583 | 1.35279 + 0.06973 
Fiber #2 | 733.90 + 11.74 |- 1.38885 + 0.02078 | 1.47719 + 0.03464 
Fiber #3 | 711.48 + 11.43 |- 1.56890 + 0.02685 | 1.75388 + 0.04286 


Table A4.16 Measured prompt neutron decay constants a [5°] deduced by PNS and Feynman-a 
methods (Ref. [1]) 


Case 1-D-2 (Am-Be) (Ppem, exp =1245.0 + 41.7 [pem]) 


Detector PNS method Feynman-a method 
BF-3 #1 - 745.76 + 154.62 
BF-3 $2 - 1051.355 + 265.21 
ВЕ-3 #3 787.35 + 68.45 604.28 + 27.36 
BF-3 $4 - 1057.10 + 245.31 
Fiber #1 - 865.09 + 1492.43 
Fiber #2 - 1179.31 + 288.01 
Fiber #3 - 645.96 + 113.23 
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Table A4.17 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Feynman-c 
methods (Ref. [1]) 


Case 1-0-3 (DT асс.) (Ppem, exp = 1245.0 + 41.7 [pcm]) 


Detector PNS method Feynman-a method 
BF-3 #1 - - 

BF-3 $2 - - 

BF-3 $3 715.18 + 9.57 744.54 + 8.70 
Fiber #1 - - 

Fiber #2 724.5] + 24.58 843.73 + 139.74 
Fiber #3 740.00 + 26.794 977.05 + 196.02 


Table A4.18 Measured prompt neutron decay constants a [s~!] deduced by PNS and Feynman-a 
methods (Ref. [1]) 


Case 1-D-4 (DT acc.) (pcm, exp = 1245.0 + 41.7 [pem]) 


Detector PNS method Feynman-a method 
BF-3 #1 - = 

BF-3 #2 - = 

BF-3 #3 713.43 + 2.80 708.85 + 3.28 
Fiber #1 - - 

Fiber #2 715.59 + 6.03 730.10 + 5.92 
Fiber #3 705.76 + 6.19 728.07 + 6.86 


Table A4.19 Measured prompt neutron decay constants о [s~!] deduced by PNS and Ееуптап-о 
methods, р in dollar units by the area ratio method, and Вен/Л [5—1] by the o-fitting method (Ref. 


[1]) 


Case 2-D-1 (DT acc.) (opcm, MCNP = 855.7 4 


- 41.34 [pem]) 


Detector | о (PNS method) | о (Feynman-a method) | Extended area ps [$] | Bere /A [ 5711 
ВЕ-3 #1 | 294.78 + 29.27 | 319.16 + 71.63 0.02283 + 0.00703 288.2 + 93.3 
BF-3 #2 | 226.96 + 23.31 | 363.98 + 75.69 0.01576 + 0.00537 | 223.4 + 79.5 
ВЕ-3 #3 | 258.58 + 12.34 | 270.42 + 13.87 0.01938 + 0.00270 | 253.7 = 37.3 
Fiber #1 | 248.38 + 39.04 |- 0.02066 + 0.00559 | 243.4+ 72.1 
Fiber #2 | 229.95 + 14.51 | 268.82 + 20.68 0.01998 + 0.00320 225.4 + 38.8 
Fiber #3 | 273.99 = 26.24 | 310.39 + 42.98 0.02613 + 0.00559 |267.0-Е 62.6 


MCNP6.1 with ENDF/B-VILO: Вен = 829.0 [pcm], A = 3.147E-05 (s), бет / A = 263.43 [s-] 
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Table A4.20 Measured prompt neutron decay constants о [s ! ] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 2-D-2 (DT асс.) (Ppem, exp = 855.7 + 41.34 [pem]) 


Detector | PNS method Feynman-a method | Area pg [$] Extended area pg [$] 
BF-341 |528.29 + 9.04 511.67 + 7.89 0.97699 + 0.01798 | 1.12891 + 0.02847 
BF-3 #2 |528.90 + 8.16 |525.47 + 6.55 0.99300 + 0.01691 | 1.13125 + 0.02652 
ВЕ-3 #3 |532.62 + 3.41 | 524.58 + 2.71 1.00291 + 0.00762 | 1.03933 = 0.01150 
Fiber #1 | 551.62 + 16.01 | 518.95 + 15.28 1.05686 + 0.03549 | 1.09990 + 0.05433 
Fiber #2 | 531.09 + 6.56 |535.64 + 5.62 0.98490 + 0.01442 | 1.03664 + 0.02193 
Fiber #4 | 538.75 + 794 | 524.44 + 7.70 1.00649 + 0.01879 | 1.12482 + 0.02905 


Table А4.21 Measured prompt neutron decay constants o |87 | deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 2-D-3 (DT acc.) (pcm, exp = 855.7 + 41.34 [pem]) 


Detector | PNS method Feynman-a method | Area pg [$] Extended area pg [$] 
BF-3 #1 | 520.68 + 14.35 | 497.98 + 28.83 0.99970 -Е 0.02902 | 1.10363 -- 0.04398 
BF-3 #2 |540.67 + 13.47 | 513.51 + 29.28 1.04942 + 0.02822 | 1.20361 + 0.04376 
BF-3 #3 |539.67 + 5.94 | 503.11 + 19.54 0.99637 + 0.01220 | 1.05783 + 0.01841 
Fiber #1 | 603.37 + 31.75 | 644.03 + 59.61 1.00039 + 0.05132 | 1.06198 + 0.08348 
Fiber #2 | 556.54 + 12.45 | 550.18 + 24.54 0.98282 + 0.02267 | 1.08083 + 0.03559 
Fiber #4 | 526.96 + 13.58 | 507.13 = 36.75 0.98791 + 0.02879 | 1.09278 + 0.04359 


Table A4.22 Measured prompt neutron decay constants о [s7] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 3-D-1 (DT acc.) (opcm, МСХР = 1512.9 + 5.7 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area os [$] 
ВЕ-3 #1 | 667.29 + 12.95 | 626.20 + 12.85 1.65862 + 0.04122 | 1.95981 + 0.06664 
BF-3 #2 | 655.80 + 14.14 | 679.36 + 15.34 1.72801 + 0.04526 | 1.92831 + 0.07057 
BF-3 #3 | 672.77+5.39 | 664.35 + 6.05 1.72456 + 0.01725 | 1.90308 + 0.02698 
Fiber #1 | 673.89 + 23.09 | 724.98 + 38.84 1.60421 + 0.06756 | 1.60381 + 0.10284 
Fiber #2 | 667.3145.59 | 661.07+ 6.15 1.66194 + 0.01797 | 1.94418 + 0.02886 
Fiber #3 | 668.11 + 11.27 | 658.91 + 11.96 1.42546 + 0.03085 | 1.65991 + 0.05085 
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Table A4.23 Measured prompt neutron decay constants о [s ! ] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-D-1 (DT acc.) (opcm, MCNP = 3111.6 4 


- 5.8 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area pg 
[$] 

BF-3 #1 | 1056.02 + 38.51 | 1113.92 + 41.74 3.73361 + 0.19036 | 4.78451 + 0.34900 

BF-3 #2 | 1119.68 + 39.02 | 1064.70 + 47.73 3.70243 + 0.18643 | 5.17838 + 0.37464 

BF-3 #3 | 1076.31 + 16.22 | 1078.63 + 11.07 3.55740 + 0.06986 | 4.26586 + 0.12752 

Fiber #1 | 1155.278 + 157.26 | 1186.20 = 144.92 |— - 

Fiber #2 |- - 

Fiber #4 |- - 


Table A4.24 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-D-2 (DT acc.) (opcm, MCNP = 3111.6 + 5.8 [рст]) 

Detector | PNS method Feynman-a method | Area 04 [$] Extended area pg [$] 
BF-3 #1 | 1092.18 + 19.15 | 999.68 + 13.50 3.82788 + 0.06968 | 5.00179 + 0.14435 
BF-3 #2 | 1082.50 + 23.44 | 1013.01 + 14.55 3.72918 + 0.06925 | 4.51610 + 0.14738 
BF-3 #3 | 1076.16 + 24.72 | 1024.44 + 5.06 3.90435 + 0.02899 | 4.31173 + 0.11384 
Fiber #1 | 1110.31 = 56.56 | 986.93 + 31.56 3.99660 + 0.14054 | 4.59564 + 0.32699 
Fiber #2 | 1071.20 + 17.88 | 993.30 + 7.48 3.60796 + 0.04005 | 4.24635 + 0.09581 
Fiber #4 | 1063.37 = 22.56 |- 3.85565 + 0.07871 | 4.66042 + 0.15531 


Table A4.25 Measured prompt neutron decay constants о [s~!] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-D-3 (DT acc.) (opcm, МСМР = 3111.6 4 


- 5.8 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
ВЕ-3 #1 | 1051.31 + 10.10 | 1000.94 + 6.79 3.60407 + 0.05694 | 4.64020 + 0.10113 
BF-3 #2 | 1046.19 + 10.80 | 1008.30 + 6.44 3.77780 + 0.06011 | 4.66594 + 0.10417 
BF-3 #3 | 1073.30 + 5.42 | 1035.34 + 2.38 3.76266 + 0.02511 | 4.23217 + 0.04311 
Fiber #1 | 1069.91 + 22.96 | 1049.00 + 14.85 4.89473 + 0.17728 | 5.05178 + 0.25089 
Fiber #2 | 1068.86 + 6.59 | 1003.73 + 3.41 3.61753 + 0.03547 | 4.45911 + 0.06205 
Fiber #4 | 1065.15 + 11.75 | 1000.72 + 7.15 4.10600 + 0.07930 | 5.12115 + 0.13295 
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Table A4.26 Measured prompt neutron decay constants о [s ! ] deduced by PNS апа Feynman-c 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-D-5 (DT acc.) (opcm, МСМР = 3111.6 4 


- 5.8 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
BF-3 #1 | 1070.93 + 14.87 | 981.40 + 17.98 3.48096 + 0.08413 | 4.87113 + 0.15607 
BF-3 #2 | 1041.43 + 13.38 | 972.84 + 16.43 3.79819 + 0.09405 | 5.40366 + 0.16873 
BF-3 #3 | 1067.21 + 7.71 995.28 + 12.30 3.76012 + 0.03970 | 4.45491 + 0.06704 
Fiber #1 | 1061.98 + 27.72 | 1028.16 + 34.83 3.77311 + 0.16272 | 4.36965 + 0.26057 
Fiber #2 | 1059.13 + 10.74 | 1003.92 + 13.44 3.54025 + 0.05283 | 4.27714 + 0.09088 
Fiber #4 | 1053.99 + 17.86 | 970.70 + 19.62 3.57903 + 0.09639 | 4.81026 + 0.17481 


Table A4.27 Measured prompt neutron decay constants a [s~!] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-D-1 (DT acc.) (Ppem, MCNP = 5466.8 4 


- 5.8 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area 04 [$] 
BF-3 #1 | 1507.29 + 45.15 | 1600.24 + 58.30 13.12317 + 1.02054 | 13.12317 = 1.02054 
BF-3 #2 |- - - - 

BF-3 #3 | 1561.24 + 16.71 | 1521.88 = 11.71 8.04806 + 0.22314 |8.04806 + 0.22314 
Fiber #1 |- - - - 

Fiber #2 | 1562.66 + 25.08 | 1487.91 + 22.39 6.74084 + 0.20170 |9.57870 + 0.41788 
Fiber #4 | 1567.86 + 41.67 | 1597.84 + 77.17 - - 


Table А4.28 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-@ 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-D-2 (DT acc.) (opcm, MCNP = 5466.8 4 


- 5.8 [pem]) 


Detector 


BF-3 #1 


PNS method 
1542.47 + 32.10 


Feynman-a method 


1531.57 + 94.15 


Area ps [$] 
6.69272 + 0.26248 


Extended area ps [$] 
9.85874 + 0.53993 


BF-3 $2 


1541.73 + 37.74 


1542.69 + 104.74 


7.09606 + 0.31803 


9.58566 -Е 0.61002 


BF-3 #3 


1561.45 + 12.48 


1487.83 + 19.03 


7.12148 + 0.11291 


8.31547 + 0.18855 


Fiber #1 


1559.87 + 70.36 


2076.12 + 339.59 


7.682774 + 0.66021 


7.74516 + 0.96734 


Fiber #2 


1558.73 + 18.72 


1436.66 + 39.58 


6.44406 + 0.15399 


9.05447 + 0.30220 


Fiber #4 


1569.88 + 36.43 


1308.68 + 110.11 


7.70664 + 0.42332 


10.96118 + 0.77941 
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Table A4.29 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-D-3 (DT acc.) (opcm, MCNP = 5466.8 + 5.8 [рст]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area 04 [$] 
ВЕ-3 #1 |1518.10 + 19.77 | 1441.77 + 14.03 8.60725 = 0.25150 |11.74861 + 0.45170 
BF-3 #2 | 1546.67 + 20.78 | 1420.56 + 15.18 8.18430 = 0.24169 | 11.21470 + 0.44724 
BF-3 #3 | 1563.35 + 9.26 | 1523.67 = 3.69 6.77913 + 0.06357 |7.54184 = 0.11621 
Fiber #1 |- 1623.23 + 44.80 - - 

Fiber #2 | 1568.87 + 13.17 | 1501.30 + 6.54 7.03293 + 0.11596 |8.79780 + 0.21192 
Fiber #4 | 1504.68 + 21.32 | 1381.16 + 18.64 19.45768 + 1.86598 | 29.33747 + 2.93363 


Table A4.30 Measured prompt neutron decay constants a [s~!] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-D-4 (DT acc.) (Ppem, McNP = 5466.8 + 5.8 [pem]) 


Detector 


BF-3 #1 


PNS method Feynman-a method | Area pg [$] Extended area ps [$] 


1542.40 + 26.77 | 1426.92 3 


- 26.99 7.48143 + 0.27312 | 11.76062 + 0.57855 


BF-3 $2 


1591.02 330.08 | 1367.56 3 


- 28.65 7.67026 + 0.31138 | 12.84927 + 0.70248 


BF-3 $3 


1551.31 + 14.62 | 1513.58 4 


Е 9.35 7.23510 + 0.10362 | 9.32671 + 0.21110 


Fiber #1 


1608.13 + 81.13 | 1543.68 4 


- 77.62 8.70127 + 0.71994 | 11.07538 + 1.38422 


Fiber #2 
Fiber #4 


1557.72 + 18.19 | 1493.76 3 
1523.73 + 40.46 | 1434.55 3 


- 12.89 6.66444 + 0.14187 | 10.45040 + 0.32031 
- 37.42 9.42282 + 0.55816 | 14.32678 + 1.08688 


Table A4.31 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-о 
methods (Ref. [1]) 


Case 6-D-2 (DT acc.) (opcm, МСМР = 8882.3 + 5.9 [рст]) 


Detector 


PNS method 


Feynman-a method 


BF-3 #1 - 1780.35 + 54.79 
BF-3 $2 - 2213.13 + 97.65 
BF-3 $3 - 2022.98 + 16.88 
Fiber #1 - 4324.24 + 1007.21 
Fiber #2 - 1703.06 + 32.53 
Fiber #4 - 1926.80 + 172.55 
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Table A4.32 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-о 


methods and subcriticality [$] in dollar units (Ref. [1]) 
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Case 6-D-3 (DT acc.) (opcm, МСМР = 8882.3 4 


- 5.9 [pem]) 


Detector | PNS method 


Feynman-a method 


Area ps [$] 


Extended area pg 
[$] 


BF-3 #1 |2024.25 + 61.49 |1584.52 + 128.30 | 14.92700 + 1.82496 | 30.69158 + 
4.60981 
BF-3 #2 |2144.03 + 84.83 2023.53 + 174.81 | 15.44242 + 2.04033 | 32.21389 + 
5.23709 
BF-3 #3 |2144.99 + 34.08 | 1963.84 + 32.34 | 12.80783 + 0.55046 | 18.95650 + 
1.09303 
Fiber #1 | 1998.46 + 425.92 | 1829.06 + 488.42 | 12.40719 + 3.87931 | 5.56483 + 
2.31382 
Fiber #2 | 1985.47 + 44.19 | 1814.45 + 82.31 |12.33320 + 0.93682 | 22.10653 + 
2.14379 
Fiber #4 | 2064.13 + 102.76 | 2480.72 + 333.99 | 16.94444 + 4.12772. | 32.17342 + 
8.66792 


Table A4.33 Measured prompt neutron decay constants о [s~!] deduced by PNS and Ееуптап-@ 


methods (Ref. [1]) 


Case 6-D-5 (DT acc.) (opcm, McNP = 8882.3 + 5.9 [рст]) 

Detector PNS method Feynman-a method 
BF-3 #1 2670.27 + 125.23 1913.15 + 270.08 
BF-3 $2 3033.82 + 242.75 3932.08 + 634.72 
BF-3 #3 3067.22 + 118.67 2419.25 - 83.22 
Fiber #1 2560.30 + 632.22 5538.75 + 1156.03 
Fiber #2 3148.90 + 297.81 2914.43 + 602.96 
Fiber #4 2912.04 + 453.49 5565.46 + 3640.91 


Table A4.34 Effective multiplication factor in Cases II-1 through П-6 (Ref. [1]) 


Case 


Case 1-D (1-F) 


Ке (MCNP6.1 with JENDL-4.0) 


Case 2-D (2-F); HEU 3000 


0.99817 -Е 0.00004 


Case 3-D (3-F); HEU 2760 0.98400 -Е 0.00004 
Case 4-D (4-F); HEU 2520 0.96876 -Е 0.00004 
Case 5-D (5-F); HEU 2280 0.94715 + 0.00004 
Case 6-D (6-F); HEU 2040 0.91747 + 0.00004 
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See (Tables A4.35, A4.36, A4.37, A4.38, A4.39, A4.40, A4.41, A4.42, A4.43, A4.44, 
А4.45, А4.46, А4.47, A4.48, A4.49, А4.50, A4.51, A4.52, A4.53 and А4.54). 


Table A4.35 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 1-F-1 (FFAG асс.) (Ppem, exp = 1352.2 d 


- 38.82 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
BF-341 | 689.89 + 2.07 | 674.47 + 1.20 1.41356 + 0.00273 | 1.76629 + 0.00565 
BF-3 #2 |752.28 + 1.13 | 737.51 + 1.25 1.67789 + 0.00354 | 2.10922 + 0.00611 
BF-3 #3 | 666.36 + 2.44 | 653.50 + 1.25 1.39013 + 0.00280 | 1.64844 + 0.00588 


Table A4.36 Measured prompt neutron decay constants a [s~!] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 1-F-2 (FFAG асс.) (Ppem, exp = 1352.2 4 


- 38.82 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
Fiber£l | 768.70 = 2.40 | 771.85 = 1.71 1.71524 + 0.00642 | 1.85089 + 0.01061 
Fiber #2 |818.10 +2.61 | 805.01 + 1.76 1.95777 + 0.00726 | 2.20352 + 0.01242 
Fiber #3 | 784.56 + 9.17 | 779.14 = 2.04 2.00685 + 0.00454 | 2.78333 + 0.02660 
ВЕ-3 #1 | 704.67 + 2.02 | 685.23 + 1.74 1.46667 + 0.00485 | 1.84440 + 0.00859 
BF-3 #2 | 752.37 + 1.98 | 741.66 + 2.07 1.67185 + 0.00617 | 2.09335 + 0.01068 
ВЕ-3 #3 | 688.21 + 2.32 | 669.07 + 1.62 1.49290 + 0.00513 | 1.77403 + 0.00899 


Table A4.37 Measured prompt neutron decay constants о [s~!] deduced by PNS and Ееуптап-а 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 1-F-3 (FFAG acc.) (pcm, exp = 2218.9 4 


- 44.0 [pem]) 


Detector | PNS method Feynman-a method | Area pg [$] Extended area ps [$] 
Fiber #1 | 1131.56 + 14.49 | 1120.19 + 9.39 2.76157 + 0.04440 | 3.12409 + 0.08529 
Fiber #2 | 1179.28 + 13.93 | 1157.56 + 10.42 3.17980 + 0.05207 | 3.68996 + 0.09821 
Fiber #3 | 1136.05 + 13.75 | 1075.86 + 7.17 3.12964 + 0.03179 | 4.92435 + 0.09021 
BF-3 #1 | 1013.57 + 4.94 966.32 + 3.38 2.39188 + 0.01619 | 3.38041 + 0.03348 
BF-3 #2 | 1065.40+5.75 | 1027.56 + 4.05 2.66907 + 0.02091 | 3.67857 + 0.04234 
BF-3 #3 | 1026.57 + 5.74 982.04 + 3.60 2.55381 + 0.01960 | 3.27812 + 0.03800 


334 Appendix A4: 73>U-Fueled ADS Core in Medium-Fast Spectrum 


Table A4.38 Measured prompt neutron decay constants о [s ! ] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 1-Е-4 (FFAG асс.) (ррст, exp = 2806.8 + 54.9 [рст]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
Fiber #1 | 1414.12 + 9.70 | 1401.96 + 5.90 3.53790 + 0.03099 | 4.16379 + 0.06793 
Fiber #2 | 1474.29 + 11.38 | 1439.92 + 5.86 3.99097 + 0.03643 | 4.72086 + 0.08298 
Fiber #3 | 1406.26 + 13.80 | 1312.41 + 4.50 3.88047 + 0.02472 | 6.25959 + 0.09960 
BF-3 #1 | 1305.18 + 6.34 | 1217.98+ 4.13 3.06990 + 0.02139 | 4.82552 + 0.05332 
BF-3 #2 | 1353.00 + 7.60 | 1290.21 + 5.22 3.49983 + 0.02819 | 5.35192 + 0.06915 
ВЕ-3 #3 | 1318.24 + 7.39 | 1229.44+ 4.19 3.31538 + 0.02579 | 4.66721 + 0.05952 


Table A4.39 Measured prompt neutron decay constants a |8711 deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 1-F-5 (FFAG acc.) (pcm, exp = 13254.0 + 6.1 [pem]) 


Detector | PNS method Feynman-a Area ps [$] Extended area 04 [$] 
method 


Fiber #1 |2735.11 + 70.62 |2972.19 + 36.03 | 14.70001 + 0.47413 | 14.48612 + 1.29327 
Fiber #2 | 2548.37 + 50.17 | 2375.37 + 22.69 | 16.34603 + 0.53004 | 22.42986 + 1.45658 
Fiber #3 | 2549.58 + 67.04 | 2357.45 + 16.72 | 18.24909 + 0.50873 | 30.52158 + 2.27163 
ВЕ-3 #1 | 2564.35 + 22.04 |2302.49 + 9.52 |11.86773 = 0.16154 | 19.42186 + 0.55781 
ВЕ-3 #2 | 2691.01 + 45.25 | 2356.44 + 21.71 | 15.75499 + 0.47618 | 31.82251 + 1.82153 
BF-3 #3 | 2844.46 + 42.48 | 2455.13 + 18.55 | 16.94683 = 0.45601 | 31.19015 + 1.64630 


Table A4.40 Measured prompt neutron decay constants о [s7] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 3-F-1 (FFAG acc.) (Ppem, МСМР = 1512.9 + 5.7 [pem]) 


Detector | PNS method Feynman-a method | Area pg [$] Extended area pg [$] 
Fiber #1 | 705.96 + 14.85 | 719.22 + 1.29 1.82259 + 0.00572 | 2.26361 + 0.10200 
Fiber #2 | 780.71 + 27.33 | 900.39 + 2.40 5.61627 + 0.03135 | 10.24823 + 0.75562 
Fiber #3 | 800.02 + 22.21 | 785.59 + 2.43 5.76963 + 0.02645 | 5.49433 + 0.37515 
BF-3 #1 | 620.25 + 2.32 | 613.23 + 1.34 1.43617 + 0.00456 | 1.75078 + 0.01056 
BF-3 #2 | 689.60+ 1.66 | 675.45 + 1.39 1.77703 + 0.00601 | 2.21869 + 0.01243 
BF-3 #3 | 579.38 + 3.13 | 576.62 + 1.44 1.32787 + 0.00428 | 1.56141 + 0.01104 
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Table A4.41 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 3-F-2 (FFAG acc.) (Ppem, MCNP = 2422.6 + 5.7 [pem]) 


Detector | PNS method Feynman-a method | Area pg [$] Extended area ps [$] 
Fiber #1 | 1035.20 + 3.73 |1020.68 + 2.66 2.84329 + 0.01322 | 3.56877 + 0.75391 
Fiber #2 |— 1303.54 + 11.94 - - 

Fiber #3 | 1217.71 = 10.58 | 1113.52 + 3.77 9.07361 + 0.07213 | 13.14405 + 3.65436 
BF-3 #1 |965.21 + 15.18 851.50 + 2.79 2.31917 + 0.01621 | 1.54458 + 0.61125 
BF-3 #2 | 985.52 + 18.71 934.66 + 3.39 2.84057 + 0.02191 | 2.52729 + 1.26345 
BF-3 #3 | 968.37 + 15.18 823.79 + 2.83 2.19004 + 0.01526 | 1.69662 + 0.61436 


Table A4.42 Measured prompt neutron decay constants a [s~!] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 3-F-3 (FFAG асс.) (Ppem, McNP = 2714.6 + 5.7 [рст]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
Fiber #1 | 1153.96 + 5.91 | 1132.32 + 3.60 3.16221 + 0.02246 | 4.35512 + 2.11887 
Fiber #2 |- 1397.59 + 5.49 - - 

Fiber #3 | 1353.14 + 11.60 | 1215.37 + 4.95 10.10259 + 0.12587 | 31.62532 +11.28040 
BF-3 #1 |1090.15 + 21.82 | 953.38 + 3.41 2.59421 + 0.01949 | 4.31016 + 0.34241 
BF-3 #2 | 1118.92 + 30.49 | 1057.83 + 4.58 3.21619 + 0.03015 | 4.63895 + 0.50563 
BF-3 #3 | 1055.02 + 18.26 | 904.09 + 3.15 2.48810 + 0.01875 | 3.98336 + 0.27902 


Table A4.43 Measured prompt neutron decay constants о [s~!] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 3-F-4 (FFAG acc.) (Ppem, MCNP = 2884.1 + 5.8 [pcm]) 


Detector | PNS method Feynman-a method | Area 04 [$] Extended area pg [$] 
Fiber #1 | 1222.67 = 8.94 | 1207.66 + 5.27 3.23913 + 0.03420 | 3.89288 + 0.06664 
Fiber #2 |- 1490.87 + 8.31 - - 

Fiber #3 | 1454.23 + 13.44 | 1285.38 + 6.34 10.72912 + 0.20364 | 20.01503 + 0.48055 
ВЕ-3 #1 |1125.12 + 21.17 | 1012.46 + 3.40 2.74824 + 0.01767 | 4.25301 + 0.32784 
BF-3 22 |1199.67 + 26.34 | 1118.91 -- 4.63 3.40634 + 0.02744 | 5.30669 + 0.51697 
BF-3 #3 | 1139.12 + 23.54 | 980.84 + 3.04 2.63522 + 0.01704 | 4.32898 + 0.36156 


Table A4.44 Measured prompt neutron decay constants о [s~!] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 3-F-5 (FFAG acc.) (ррст, МСМР = 14785.8 + 6.1 [pcm]) 


Area ps [$] 


9.18032 + 0.18320 
13.76546 + 0.64883 


Extended area 04 [$] 


17.95485 -Е 0.66393 
30.58625 -Е 2.22143 


Detector | PNS method Feynman-a 
method 

ВЕ-3 #1 | 2232.48 + 27.73 |2019.60 + 13.07 

ВЕ-3 #2 | 2410.92 + 49.15 | 2164.72 + 29.34 

ВЕ-3 #3 |2475.27 + 39.45 | 2139.70 + 18.28 


12.30041 + 0.40731 


28.35497 + 1.56607 
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Table A4.45 Measured prompt neutron decay constants о [s ! ] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-Е-1 (FFAG acc.) (Ppem, MCNP = 3111.6 + 5.8 [pem]) 

Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
Fiber #1 | 1125.38 + 3.78 | 1108.71 + 2.00 3.61854 + 0.01663 | 4.82085 + 0.03293 
Fiber #2 | 1562.44 + 8.03 | 1408.09 + 3.66 11.70733 = 0.11908 | 17.24558 + 0.23977 
Fiber #3 | 1375.56 + 9.41 | 1228.52 + 3.31 11.30293 + 0.09279 | 20.07291 + 0.26831 
BF-3 #1 | 966.22 + 6.00 | 918.48 + 4.72 2.78717 + 0.02319 | 3.77369 + 0.04428 
BF-3 #2 | 1074.85 + 6.02 | 1026.24 + 4.77 3.59930 + 0.03212 | 5.05178 + 0.06129 
BF-3 #3 | 942.83 + 6.41 | 887.37 + 4.69 2.66206 + 0.02245 | 3.49706 + 0.04260 


Table A4.46 Measured prompt neutron decay constants a |871) deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-F-2 (FFAG асс.) (ррст, McNP = 3906.2 + 5.8 [рст]) 
Detector | PNS method Feynman-a Area pg [$] Extended area pg [$] 
method 

Fiber #1 | 1391.13 + 7.52 1373.04 + 3.26 | 4.38045 + 0.03693 5.64980 + 0.07543 
Fiber #2 | 1923.49 + 17.25 |1716.23 + 6.16 | 14.51611 + 0.28260 | 22.32025 + 0.61495 
Fiber #3 | 1702.94 + 13.19 | 1472.83 + 6.22 | 13.26441 + 0.20715 | 23.86036 + 0.50561 
BF-3 #1 | 1207.87 + 10.66 | 1126.86 + 7.24 3.42911 + 0.04326 | 5.05718 + 0.09525 
BF-3 #2 | 1330.03 + 9.58 1243.59 + 6.73 4.43292 + 0.05867 6.80633 + 0.12576 
BF-3 #3 | 1174.22 + 9.88 1065.23 + 6.45 3.42483 + 0.04214 | 4.81459 + 0.08743 


Table A4.47 Measured prompt neutron decay constants о [s~!] deduced by PNS and Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-F-3 (FFAG acc.) (рреш, MCNP = 4216.6 4 


- 5.8 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area 04 [$] 
Fiber #1 | 1510.24 = 8.97 | 1496.27 + 3.55 4.72259 + 0.03967 | 5.79531 + 0.08473 
Fiber #2 | 2057.82 + 19.03 | 1864.81 + 7.14 15.98057 + 0.31846 | 24.43068 + 0.71408 
Fiber #3 | 1869.31 + 13.40 | 1603.28 + 7.06 14.01938 + 0.22056 | 26.06993 + 0.56158 
BF-3 #1 | 1289.31 = 9.06 | 1187.38 + 4.89 3.67468 = 0.03501 | 5.55305 + 0.08255 
BF-3 #2 | 1446.93 + 8.78 | 1349.98 + 4.44 4.94667 + 0.05298 | 7.56721 + 0.11849 
BF-3 #3 | 1297.96 + 8.56 | 1163.16+5.11 3.61958 + 0.03220 | 5.43031 + 0.07652 
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Table A4.48 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-F-4 (FFAG acc.) (Ppem, MCNP = 4257.9 4 


- 5.8 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area 04 [$] 
Fiber #1 | 1556.12 = 8.80 | 1522.92 + 3.54 4.81807 + 0.03981 | 6.79508 + 0.09479 
Fiber #2 | 2146.82 + 19.38 | 1879.17 + 3.54 16.81220 + 0.32995 | 28.02081 + 0.81516 
Fiber #3 | 1848.02 + 13.31 | 1601.44 + 7.06 15.06196 + 0.23488 | 34.22104 + 0.71953 
BF-3 #1 | 1287.36 + 9.06 | 1188.78 + 5.19 3.71551 + 0.04354 | 5.31464 + 0.09603 
BF-3 #2 | 1446.88 + 8.65 | 1375.82 + 5.29 5.00395 + 0.05329 | 7.66140 + 0.11927 
BF-3 #3 | 1325.30 + 9.67 | 1182.60 + 5.59 3.61555 + 0.03216 | 5.48823 + 0.08118 


Table A4.49 Measured prompt neutron decay constants a |8711 deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 4-F-5 (FFAG acc.) (ррст, McNP = 16947.3 4 


t 6.2 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended 
area ps [$] 
Fiber #1 | 2562.00 + 76.57 2848.42 + 21.25 14.36405 + 0.59092 | 14.36474 + 
0.59094 
Fiber #2 |- 2745.70 + 27.44 - - 
Fiber #3  |2911.88 + 100.32 | 2686.22 + 20.70 48.33320 + 5.21077 | 80.00728 
+12.21573 
BF-3 #1 2277.16 + 27.08 2022.44 + 7.29 10.18877 + 0.18311 | 15.18345 + 
0.54712 
BF-3 #2 |2580.40 + 41.81 2313.12 + 12.19 19.60222 + 0.67824 | 35.40981 + 
2.04051 
BF-3 #3 2643.02 + 35.49 2212.25 + 11.46 15.90766 + 0.39806 | 30.82799 + 
1.43235 


Table A4.50 Measured prompt neutron decay constants о [s~!] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-F-1 (FFAG acc.) (Ppem, MCNP = 5466.8 4 


- 5.9 [pem]) 


Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
BF-3 #1 | 1347.72 + 7.55 1224.98 + 3.24 4.2409 + 0.0130 | 6.6210 + 0.0557 
BF-3 #2 | 1535.17 + 3.86 1398.67 + 4.98 6.4582 + 0.0254 | 10.7421 + 0.0638 
BF-3 #3 | 1302.23 + 9.671 | 1123.22 + 3.32 3.6621 + 0.0122 | 5.7880 + 0.0607 
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Table A4.51 Measured prompt neutron decay constants о [s ! ] deduced by PNS and Ееуптап-а 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-F-2 (FFAG acc.) (Ppem, MCNP = 6283.4 4 


t 5.9 [pem]) 


PNS method 
1578.56 + 8.75 


Detector 


BF-3 #1 


Feynman-a method 


1396.77 + 4.37 


Area pg [$] 
4.9089 + 0.0238 


Extended area pg [$] 
8.4536 + 0.0893 


BF-3 #2 | 1757.57 + 6.66 


1578.06 + 9.59 


7.4737 + 0.0473 


13.4353 + 0.1328 


BF-3 #3 | 1527.84 + 10.921 


1275.66 + 4.17 


4.3431 + 0.0228 


7.5644 + 0.0959 


Table A4.52 Measured prompt neutron decay constants a [s~!] deduced by PNS and Feynman-a 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-F-3 (FFAG acc.) (Ppem, McNP = 6402.4 + 5.9 [pcm]) 

Detector | PNS method Feynman-a method | Area ps [$] Extended area ps [$] 
ВЕ-3 #1 /1634.83 + 10.43 | 1440.75 + 4.85 4.9278 + 0.0345 8.6750 -Е 0.1175 
ВЕ-3 #2 | 1835.08 + 9.22 1647.52 + 6.36 7.6800 + 0.0770 | 13.3188 + 0.2001 
BF-3 #3 | 1609.89 + 11.47 | 1320.91 + 4.98 4.3497 + 0.0328 | 7.8715 + 0.1169 


Table A4.53 Measured prompt neutron decay constants о [s~!] deduced by PNS апа Ееуптап-о 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-F-4 (FFAG acc.) (рреш, MCNP = 6449.0 4 


t 5.9 [pem]) 


PNS method 


1668.59 + 10.09 
1882.18 + 9.29 


Detector 
BF-3 #1 
BF-3 #2 


Feynman-a method 
1457.23 + 4.78 
1690.14 + 7.51 


Area ps [$] 
5.0659 + 0.0313 
7.8179 + 0.0690 


Extended area ps [$] 
9.0312 + 0.1142 
13.7674 + 0.1928 


ВЕ-3 #3 | 1637.55 + 11.21 


1348.49 + 5.03 


4.4292 + 0.0294 


8.0330 + 0.1122 


Table A4.54 Measured prompt neutron decay constants о [s~!] deduced by PNS and Feynman-c 
methods and subcriticality [$] in dollar units (Ref. [1]) 


Case 5-F-5 (FFAG acc.) (opcm, MCNP = 18537.6 4 


- 6. 


2 [pem]) 


Detector | PNS method Feynman-a method | Area 04 [$] Extended area os [$] 

BF-3 #1 | 2395.17 = 16.79 | 1953.19 + 6.48 8.7452 + 0.0864 | 17.0252 + 0.3619 

BF-3 #2 | 2733.48 + 33.44 | 2400.04 + 17.18 22.7337 + 0.6236 | 43.2796 + 1.9802 

BF-3 #3 | 2780.67 = 26.47 | 2115.21 + 9.68 13.4331 + 0.2333 | 32.6171 = 1.1065 
A4.4 Reaction Rates 


A4.4.1 Core Configurations 


See (Figs. A4.7, A4.8 and A4.9). 
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Fig. A4.7 Top view of EEI ADS core with 14 MeV neutrons (Ref. [1]) 
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Fig. A4.8 Foil arrangement 

at a gap between Pb-Bi target 

and fuel rod in position (15, т 
M-O) shown in Fig. А4.7 

(Ref. [1]) 


Axial center 
position 
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Fig. A4.9 Top view of ЕЕ1 ADS core with 100 MeV protons (Pb-Bi target) (Ref. [1]) 
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A4.4.2 Reaction Rate Distributions 


See (Figs. A4.10 and A4.11). 
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A4.4.3 Reaction Rates of Activation Foils 


See (Tables A4.55, A4.56 and A4.57). 


Table A4.55 Main characteristics and description of activation foils (Ref. [1]) 


Reaction Dimension Threshold | Half-life | y-ray Emission rate 
[mm] [MeV] Energy (%) 

[keV] 

197 Aun, у) Ай |8 mm diam. В 2.6974 |4119 95.51 

(bare and Cd* 0.05 mm thick 

covered) 

Cd plate 10 mm Шат. 1 |- - - - 

mm thick 

рп, у)! 161 | 1 mm diam. 680 | - 54.12m |4169 32.4 

(wire) mm long 1097.3 55.7 
1293.54 | 85.0 

U5Im(n я”) mm |10х 10 1 0.3 4.486h |3362 45.08 

(foil; Pb-Bi 

target) 

?5Ni(n, р) Co 10x 10x 1 0.9 7024 |8108 99.4 

56Fe(n, р)56Мп 10x 10x 1 5.0 2.578 h 846.8 98.9 
1810.7 27.2 

27 Al(n, о) “Ма 10x 10x I 5.6 14.96 h 1368.6 100 

93Nb(n, 2n9?"Nb |10х10х1 9.0522 10.15d 934.4 99.2 

(T target) 


Cd*: Au foil (Cd covered) was sandwiched between two Cd plates (10 mm diam. and 1 mm thick). 


Table A4.56 Measured reaction rates in Cases 3-D to 6-D (Ref. [1]) 


Measured reaction rate (87! ст” 31 


Reaction Case 3-D Case 4-D Case 5-D Case 6-D 
197 Au(n, у) Ап (9.657 + (5.065 + (3.670 + (2.051 + 
(bare) 0.382)E+04 0.242)E+04 0.150)E+04 0.083)E+04 
197 Au(n, y)1?8 Au (Cd) | (6.514 + (4.083 + (1.780 + (2.041 + 
0.310)E+04 0.169)E+04 0.092)Е+04 0.087)Е+04 
Stan, т) 15 (1.778 + (2.087 + (1.331 + (1.389 + 


0.101)E+02 0.109)E+02 0.057)E+02 0.058)E+02 
58Ni(n, р)58Со - - - - 


56Fe(n, р)56Мһ (8.056 + (1.895 + - - 
0.665)E--00 0.266)E+00 

27 Al(n, о) Ма (5.507 + (2.676 + - - 
0.701)E+00 0.473)E+00 

93Nb(n, 2n)?2™Nb (T | (2.801 + (4.765 + (6.652 + (6.533 + 


target) 0.114)E+02 0.176)E+02 0.297) E+02 0.260)E+02 
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Table A4.57 Measured reaction rates in Cases 3-F to 6-F (Ref. [1]) 
3 
1 


Measured reaction rate [5-1 ст” 


Reaction Case 3-F Case 4-F Case 5-F Case 6-F 


197 Аш(п, y)l98Au | (5.443 + 0.180)Е+06 | (2.715 + 0.090)E+06 | (1.585 + 0.053)Е+06 | (1.104 + 0.036)E+06 
(bare) 


15 In(n, n’)! 15 | (1.671 + 0.060)Е+04 | (0.842 + 0.030)E+04 | (0.518 + 0.019)Е+04 | (0.401 + 0.014)E+04 
S8Ni(n, р)58 Со (1.582 + 0.071)E+04 | (0.777 + 0.029)Е+04 | (0.506 + 0.019)E+04 | (0.380 + 0.015)Е+04 
56Fe(n, р)96Мп (3.415 + 0.195)Е+02 | (2.027 + 0.121)E+02 | (1.326 + 0.077)E+02 | (1.921 + 0.074)E+02 
27 Al(n, о) “Ма (6.696 + 0.408)E+02 | (3.110 + 0.163)Е+02 | (1.155 + 0.099)E+02 | (1.291 + 0.053)Е+02 


Ия, п/) I5mp | (1.900 + 0.060)Е+05 | (1.947 + 0.062)E405 | (2.194 + 0.068)E+05 | (2.160 + 0.068)E+05 
(Pb-Bi target) 
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Appendix А5: 252Тһ-Ғаеіей ADS Core 


A5.1 Core Configurations 


See (Figs. A5.1, A5.2, A5.3, A5.4, A5.5, A5.6, A5.7 and A5.8, Table A5.1). 
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Fig. A5.1 Thorium-fueled ADS core configuration with 14 MeV neutrons (Th-PE, Th-Gr, Th-Be, 
Тһ-НЕС-РЕ and NU-PE) (Refs. [1-4]) 
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Fig. А5.2 Thorium-fueled ADS core configuration with 100 MeV protons (Tungsten target) (Тһ- 
PE, Th-Gr, Th-Be, Th-HEU-PE and NU-PE) (Refs. [1—4]) 


10 11 12 13 14 15 16 17 18 19 20 


ПЕ) Thorium, HEU fuel and polyethylene (Th-HEU-5PE) 
In wire position (Th-HEU-Gr-PE) 


Г] Polyethylene 


тр [ree TSP ТӨР СІ “He detector 


лото 


TSP l TSP ТӘР TSP 
e 


Tsp тер TSP TSP О Optical fiber detector 
төр [тер TSP TSP. 


[C] Tritium target 


м < x «c 


t Deuteron beams 


Aluminum sheath 


Fig. А5.3 Thorium-fueled ADS core configuration with 14 MeV neutrons (Th-HEU-5PE and 
Th-HEU-Gr-PE) (Refs. [1-4]) 
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Fig. А5.4 Thorium-fueled ADS core configuration with 100 MeV protons (Tungsten target) (Тһ- 
НЕО-5РЕ and Th-HEU-Gr-PE) (Refs. [1—2]) 
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Fig. A5.5 Fall sideway view of fuel assembly Тһ-РЕ, Th-Gr, Th-Be and NU-PE (Ref. [1]) 
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Fig. A5.6 Fall sideway view of fuel assembly Th-HEU-PE (Ref. [1]) 
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Fig. A5.7 Fall sideway view of fuel assembly Th-HEU-5PE (Ref. [1]) 
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Fig. А5.8 Fall sideways view of fuel assembly Th-HEU-Gr-PE (Ref. [1]) 


Table A5.1 List of thorium-fueled ADS cores (Ref. [1]) 


Core Cell pattern keft 

Th-PE 1/8" Th+1/2"” PE 0.00613 
Th-Gr 1/8" Th-1/2" Gr 0.00952 
Th-Be 1/8" Th+1/2”Be 0.00765 
Th-HEU-PE 1/8" Th+1/16” HEU43/8" PE 0.58754 
NU-PE 1/8” NU+1/2’ PE 0.50867 
Th-HEU-5PB 1/8" Th+5*(1/16” HEU+3/8” PE) 0.85121 
Th-HEU-Gr-PE 1/8" Th+4*(1/16” HEU+1/2”Gr)+1/8"” PE 0.35473 


Th: Thorium; PE: Polyethylene; Gr: Graphite; Be: Beryllium; 
HEU: Highly-enriched uranium; NU: Natural uranium 
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AS5.2 Results of Experiments 


A5.2.1 Reaction Rate Distributions 


See (Figs. A5.9, A5.10, A5.11 and A5.12). 
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Fig. A5.10 Cparison 20.0 
between the measured 
reaction rates of indium wire 
obtained from the Th-fueled 
ADS experiment with 100 
MeV protons for Th-PE, 
Th-Gr, Th-Be, Th-HEU-PE 
and NU-PE cores 
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Fig. А5.11 Comparison 
between the measured 
reaction rates of indium wire 
obtained from the Th-fueled 
ADS experiment with 14 
MeV neutrons for 
Th-HEU-5PE and 
Th-PE-Gr-PE cores (Refs. 


[1-3) 


Fig. А5.12 Comparison 
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A5.2.2 PNS and Feynman-a Methods 


See (Tables A5.2, A5.3 and A5.4). 
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Table А5.2 Beam characteristics of 14 MeV neutrons and 100 MeV protons in thorium-fueled 


cores (Ref. [1]) 


Core 14 MeV neutrons 100 MeV protons 
Repetition (Hz) Width (us) Repetition (Hz) Width (ns) 

Th-PE 100 10 - Е 

Th-Gr 100 10 - - 

Th-Be 100 10 - = 
Th-HEU-PE 100 10 20 100 
NU-PE 100 10 - = 
Th-HEU-5PE 10 10 20 100 
Th-HEU-Gr-PE 10 10 20 100 


Table A5.3 Measured results in prompt neutron decay constant deduced by least-squared fitting 
in PNS method (Refs. [1-2]) 


Core Prompt neutron decay constant o |871) 

14 MeV neutrons 

?He #1 ?He #2 ?He #3 
ТЬ-РЕ 6642 + 11 6224 + 27 5751 + 25 
Th-Gr 6451 + 12 5945 + 15 5701 + 17 
Th-Be 6515 + 8 6111 +17 5746 + 20 
Th-HEU-PE 5692 + 11 5275 +7 5231+9 
NU-PE 5748 + 11 6592 + 15 5010 + 11 
Th-HEU-5PB 3110+ 11 3104 + 10 - 
Th-HEU-Gr-PE 4980 + 40 4939 + 50 = 
Соге Prompt neutron decay constant o |8711 

100 MeV protons 

?He #1 ?He 82 ?He #3 
Th-PE - - - 
Th-Gr ы - - 
Th-Be - - = 
Th-HEU-PB 5777 +11 5527 + 35 5236 + 37 
NU-PE - - = 
Th-HEU-5PB 2776 = 17 2917 + 8 - 
Th-HEU-Gr-PE 3186 + 72 4656 + 12 - 
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Table A5.4 Measured results in subcriticality in dollar units deduced by extrapolated area ratio 


method (Refs. [1—2]) 


Core Subcriticality p [$] (by Area ratio method) 

14 MeV neutrons 

?He #1 3He #2 3He #3 
Th-PE 144.77 + 1.56 1051.97 3 2778.37 + 135.26 
Th-Gr 108.47 + 18.06 400.34 4 880.49 + 20.41 
Th-Be 33.42 + 0.17 37.04 4 105.35 + 0.85 
Th-HEU-PE 12.05 + 0.03 29.75 4 63.53 + 0.35 
NU-PE 13.40 + 0.04 26.64 4 82.76 + 0.57 
Th-HEU-5PE 16.61 + 0.21 11.35 + 0.09 - 
Th-HEU-Gr-PE 63.76 + 1.42 42.92 + 0.66 - 
Соге Subcriticality р |81 (by Area ratio method) 

100 MeV protons 
3He #1 ?He 42 He #3 

Th-PE - - - 
Th-Gr - - - 
Th-Be - - - 
Th-HEU-PE 32.30 + 0.45 26.52 + 0.29 44.27 + 0.74 
NU-PE - - - 
Th-HEU-5PE 3.77 = 0.01 10.35 + 0.05 - 
Th-HEU-Gr-PE 3.83 + 0.30 64.54 + 11.13 - 
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